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ABSTRACT

Anodic oxidation of an aqueous solution of a cycloalkanecarboxylate (Kolbe electrolysis) generally leads to a mixture
of products including cycloalkane, cycloalkene, bicycloalkane,
cycloalkanol, dimer, and cycloalkyl cycloalkanecarboxylate.

The

prevailing view of the mechanism of this reaction attributes the
formation of the oxygenated products, i.e., cycloalkanol and
cycloalkyl ester, and the elimination products, i.e., cycloalkene
and bicycloalkane, to carbonium ion processes.
This dissertation research probes the significance of other
product forming pathways, specifically those involving cycloalkyl
radicals, to the overall delineation of the mechanism of the
Kolbe electrolysis.

The conclusions are based on both product

studies and deuterium labeling experiments on transannularrearrangement-prone medium ring systems..
Anodic oxidation of a-deuteriocycloalkanecarboxylates yielded
the same products as the corresponding undeuterated compounds
in the same relative amounts.

Nmr analysis of the cycloalkanols

and cycloalkenes from each reaction showed that more transannular
rearrangement of the deuterium label had occurred in the processes
leading to cycloalkanol than to cycloalkene, with the maximum
discrepancy noted in the cyclooctyl case.
Thermal decomposition, in aqueous solution , of tybutyl
cyclooctaneperoxycarboxylate and dicyclooctylmercury, led, almost
certainly via cyclooctyl radicals, to cyclooctane, cyclooctene,
and unexpectedly, to cyclooctanol.

x
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The reaction of bromine with silver a-deuteriocyclooctanecarboxylate (Hunsdiecker reaction) and the thermal decomposition
of jt-butyl a-deuteriocyclooctaneperoxycarboxylate led, via radical
pathways, to cyclooctyl bromide and cyclooctene, respectively,
that showed essentially no rearrangement of the deuterium label
by nmr analysis.
The radical forming reactions showed the significant features
of yielding relatively large amounts of oxygenated products and
no detectable bicycloalkanes, and confirmed the idea that medium
ring radicals are not prone to transannularly rearrange.
These observations, when compared to the product distrib
utions and rearrangement data for the anodic oxidations, support
a mechanistic picture of the Kolbe electrolysis of cycloalkanecarboxylates which includes significant contributions from
radical paths to product formation.

The presence of bicyclo

alkanes in the electrolysis product mixtures is taken as proof
of the intermediacy of carbonium ions.

The rearrangement and

product distribution studies of the radical reactions indicate
that at least some of all of the other products of the electro
lysis a r e .derived directly from radical intermediates.
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I.

INTRODUCTION

The anodic oxidation of carboxylic acids was originally believed
to proceed only through the intermediacy cf radicals, but more re
cently cations as well have been postulated as part of the reaction
sequence.1

The evidence most commonly cited in arguing for car-

bonium ion intermediates has been that some of the products of the
electrolysis parallel those of known cationic reactions.

The work

to be described here will show that, while carbonium ions are a
part of the reaction sequence, some revision of the prevailing esti
mate of the relative importance of cations and radicals in the re
action should be made.
Since 18^9 when Herman Kolbe electrolyzed aqueous potassium
acetate and obtained carbon dioxide, ethane, and hydrogen, the elec
trosynthesis which now bears his name has been the subject of many
studies.1

After the early work, which emphasized the synthetic value

of the reaction, the primary interest has been the determination of
the mechanism and the nature of the intermediates involved in the
reaction process.
The earliest descriptions of the electrolysis were concerned
with the true Kolbe products, that is, the dimeric hydrocarbons
-2e"
formed according to the scheme:

2 RCO 2

&

R-R + CO 2 .

Obviously

the simplest explanation was that the hydrocarbon R-R is formed via
the coupling of the alkyl radicals R* generated by decarboxylation

1
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of the parent acid.

Radicals alone can be invoked to account for

some other products, not described above, which often are found in
the electrolysis reaction mixture.

These products, known as "abnor

mal Kolbe" or "Hofer-Moest" products, are olefins, esters, alcohols,
and ethers which, however, are not commonly found in radical reac
tions.

It has been suggested that these "abnormal Kolbe" products

are best explained by the further oxidation of the first formed
radicals to carbonium ions, which then proceed to form the observed
non-dimeric products.1
Anodic oxidation of a number of carboxylates yielding ethers,
alcohols, olefins, and rearranged products much like those found in
some known cationic processes, led to some of the first proposals of
carbonium ions as intermediates in the electrolysis reaction.2

Both

endo- and exo-norbornane-2-carboxylic acid when electrolyzed in
methanol yielded as the major product exo-2-methoxynorbornane.

The

authors suggested that this product (racemic from optically active
endo acid) was formed via, the non-classical ion (i), as in the
following scheme:

Oxidation
>
•OCH,
CO

I

The suggestion of (i) as the intermediate arose because in known
cationic processes (solvolysis) the same ion is thought to lead to
analogous products.

Electrolysis of cyclobutanecarboxylic acid in

water led to essentially the same product mixture of cyclobutanol,
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cyclopropylmethanoi, and allylmethanol as that obtained in the
nitrous acid deamination of cyclobutylamine, a. known carbonium ion
process.

Corey proposed, or. the basis of the above and other work,

that carbonium ions are formed in Kolbe electrolyses and especially
favored by high voltage and carbon skeletons that would stabilize
incipient cationic centers.
In a more recent study by Koehl,3 some simple aliphatic carboxylates were electrolyzed and the products compared to some known
cationic reactions involving the same carbon skeletons.

Anodic

oxidation at graphite anodes apparently favored the formation of
products best rationalized in terms of "carbonium ion-like" inter
mediates.

Koehl found that the "abnormal Kolbe" products of the

electrolysis of pentanoic acid are about the same as the elimination
products formed from the 1-Lutyl cation generated by deamination of
butylamine and the deoxiueation of 1-butanol.
L. Eberson4 in 1 963 suggested that some of the products from
the electrolysis of tert-butylmalonamic acid, in particular 2,3“
dimethyl- 3-butenamide, were formed following a. neopentyl-like
rearrangement of an intermediate species.

His delineation of the

mechanism of the reaction, however, should only specify that a
rearranged carbon skeleton was found in some of the products and
that such rearrangements have more analogy in carbonium ion pro
cesses than in radical processes.
Bonner and Mango5 in 196^ also observed rearrangements of
electrolytically generated species from the anodic oxidations of
3,3“diphenylpropanoic acid in acetic acid and methanol.

They
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suggested that although phenyl shifts are known in radical systems,
certain of the rearranged products, i.e. 1,2-diphenylethyl acetate
and methyl 1,2-dipehnylethyl ether, respectively, could only be
explained on the basis of oxidation of the first formed radical to
the cation followed by reaction with solvent.
Evidence for the direct formation of the "abnormal Kolbe" pro
ducts via radicals is rather small compared to the large body of
data implicating carbonium ion intermediacy.

Among the few papers

citing direct radical intervention is one by Sasaki, Uneyama, and
Nagura6 who, after calculating the thermodynamic energies of various
processes possible in electrolyses, suggest that the relative ease
of the loss of carbon dioxide is important in determining the pro
ducts and that acyloxy radicals are directly involved in formation
of both esters and olefins.

Atherton, Fleischmann, and Goodridge7

have made a careful kinetic study of the Hofer-Moest reaction
(abnormal Kolbe) and have found that the-electrolysis of acetate
ions yields carbon dioxide, oxygen, ethane, and significantly,
methanol.

They suggest that the last product is formed only via

methyl radicals.
Eberson8 has approached the question in a manner somewhat
analogous to that of Sasaki, et a l ., and has calculated the standard
potentials for a number of possible steps in the oxidation of carboxylates.

He concluded that the first step is a one electron trans

fer concomitant with loss of carbon dioxide without the necessity
for the intervention of a free acyloxy radical, RCOg*, and that the
RC02 " ---- >

R* + C02 + e“

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.
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further oxidation of R* to R+ occurs easily dnd commonly in ali
phatic systems.
The work of Skell, Reichenbacher, and their coworkers has done
much to clarify the mechanism of the anodic oxidation of carboxylic
acids.

They have criticized Eberson's conclusion concerning the

concerted carbon dioxide - electron loss leading directly to the
alkyl radical in the first oxidation step and instead present evi
dence for the finite existence of an acyloxy radical.9

They carried

out electrolyses of mixed primary (jj ), secondary (js), and tertiary
(t) carboxylates of about the same molecular weight, and deduced
from the lack of preferential discharge of the t to s to £ that the
nature of the alkyl function attached to the carboxyl group was
unimportant in the transition state leading to the loss of the first
electron.

From this observation they argue that an acyloxy radical

species must be formed prior to the transition state leading to
free alkyl radical, and that this species is almost surely adsorbed
on the anode, surface.
In other work, Reichenbacher, Morris, and Skell10 have used
chronopotentiometry as a means of observing a second oxidation step
in the electrolysis of some aliphatic cesium carboxylates in
acetonitrile.

They conclude that the first step is a diffusion

controlled oxidation leading finally to an alkyl radical which then
partitions between further oxidation and product formation in a non
diffusion controlled step.

They then suggest that the best descrip

tion of the electrolysis of cesium carboxylates in acetonitrile

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.
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is as follows:
-le“
-C02
RC02---- ^ RC02 * (anode)
P- R* (anode) --- -^ Radical products
-le"
R+

Cation products

They emphasize the arguments above for excluding such a step as the
direct formation of alkyl radical, R * , and the direct oxidation to
RC02+ would yield a species very analogous to RN2+ whose products
differ markedly in certain instances.11
Perhaps a more promising approach taken by some workers has
been the utilization of rearrangement-prone carbon skeletons as
substrates in the study of the Kolbe electrolysis.

The work by

Corey and by Koehl previously cited reveals the fact that the inter
m e d i a t e ^ ) generated via electrolysis of carboxylates will rearrange,
but some further work by Skell12 and also by Smith13 bears even more
significantly on this issue.
Skell and his coworkers electrolyzed some aliphatic carboxylates
which, after decarboxylation, would yield reactive intermediates of
interesting structure.

The 3 ,3-dimethyl-l-butyl and 1,2,2-trimethyl-

propyl (pinacolyl) intermediate species were generated via the
electrolysis of potassium lf,i|--dimethylpentanoate and 2,3,3“ trimethylbutanoate, respectively, with the expectation that either hydride or
alkyl shifts

would occur if cations were formed.

In both cases,

products with rearranged carbon skeletons were found and were similar
to those found in deoxideation reactions which generate the corre
sponding free carbonium ions.
Smith and Yuh,13 in an effort to generate free radicals in

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.
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solution, electrolyzed potassium acetate in the presence of 3,3-dimethyl-l-butene.

The expected attack of the methyl radical on the

double bond would yield a species which would readily rearrange if
it became a carbonium ion, and indeed some products were found that
had rearranged carbon skeletons.

Smith proposed that, at some time

along the reaction path, a carbonium ion was formed from the radical
and accounted for some of the observed products.
Basic to these studies of rearrangements in organic reactions
is the theory, so far experimentally born out, that there is con
siderable difference in the relative ease with which reactive inter
mediates suffer rearrangements.14

That is, carbonium ions that

can rearrange to lower energy species frequently do so, while
radicals are much less likely to undergo such transformations.
(Carbanions are considered to be the least likely of this series of
intermediates to rearrange.1 4 )
A feature of this theory especially important to the previously
cited studies and our own work concerns the kinds of rearrangements
likely to occur in radicals compared to carbonium ions.

Substanti

ated reports of 1,2 hydrogen transfers or direct alkyl shifts are
unknown in radical chemistry but are common for carbonium ion re
actions.1 4 ’15

This argument has been used in support of carbonium

ion intermediacy in the Kolbe electrolysis.
In our laboratories the unusual properties of medium ring
systems have been utilized in the investigation of both ionic and
radical reactions,lsa ^

Of particular importance is the unusual ease

with which these systems undergo transannular rearrangements in

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.
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ionic processes and the relatively infrequent occurrence of such
rearrangements in radical reactions.

The early work of Cope17 and

Prelog18 revealed some unusual aspects of the stereochemistry of
medium ring systems.

They showed the first examples of ionic re

actions which yielded-transannular rearrangement products involving
hydride shifts and suggested that the close proximity of the acrossthe-ring hydrogens to the reactive site greatly enhanced the likeli
hood of such transfers.

In review articles,19 this propensity for

rearrangement of hydride has been contrasted with the lack of
transannular shift by substituents other than hydrogen.

A signifi

cant feature of these transannular rearrangements is that they
apparently occur only in processes in which a discrete intermediate
is formed and not in concerted or one step reactions.
Transannular hydrogen shifts have been observed in some radical
reactions of medium ring compounds.

The decomposition of cycloalkyl

hypobromites to yield cycloalkyloxy radicals resulted in some pro
ducts derived from transannular hydrogen atom transfers in the
intermediates.20

Some recent work with radical additions of poly-

halomethanes to cycloalkenes has shown that in some systems trans
annular addition products (involving hydrogen atom shifts) predomi
nate over the usual 1,2 adducts.lsC,l6S
Somewhat related to the above and pertinent to the work to be
described here is another study of the reactions of some medium ring
cycloalkyl radicals.21

Pyrolytic and photolytic generation of the

A

simple unsubstituted intermediates in hydrocarbon solvents by de
composition of dicycloalkylmercury compounds yielded only very small

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.
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amounts of bicycloalkanes that could definitely be attributed to
transannular disproportionation*

The work does not reveal to what

extent transannular hydrogen transfer may have occurred in these
unlabeled systems, but it does show the minimal amount of bicyclic
product derived from the radical process analogous to cationic
transannular elimination.
A study of the anodic oxidation of medium ring cycloalkanecarboxylates has provided evidence that transannular processes occur
in this reaction,16^

A comparison of the non-dimeric hydrocarbon

products from the electrolysis with the products from the cathionic
elimination reactions of medium ring tosylhydrazones1®6 suggested
that a similar carbonium ion intermediate was involved.

Both re

actions yielded about the same mixture of cycloalkenes (1,2 elimina
tion) and bicyclic hydrocarbons (transannular elimination).

These

observations add further support to the belief that anodic oxidation
of carboxylates can proceed through carbonium ion intermediates.
This dissertation research is an extension of that immediately
cited above and utilizes an approach somewhat like that used in
other studies of the Kolbe electrolysis.

Previous workers have

based their arguments concerning the mechanism of the anodic oxida
tion on the parallel between some products of the electrolysis and
those from known cationic reactions.

Utilizing labeled medium ring

systems, we have made comparisons with an important distinction.
The object of this work was to determine the relative importance
of radicals versus carbonium ions in the mechanism of the abnormal
Kolbe electrolysis of medium ring cycloalkanecarboxylates.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

The bulk

10

of the arguments to be presented were based on product distribution
and rearrangement data obtained from the reactions of cycloalkyl
radicals in aqueous solution compared to the same kinds of informa
tion obtained from electrolyses of analogous systems.
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II.

RESULTS AND DISCUSSION

The work of Traynham and Dehn on the Kolbe electrolysis of
medium ring carboxylates has revealed that transannular processes
leading to bicyclic hydrocarbons are important features of the reaction.

1 ^

These and other products suggest that some cationic inter

mediates are being formed and that hydrogen rearrangements (undetect
able in the unsubstituted compounds) may be taking place.

To test

this latter hypothesis, a series of substituted cycloalkanecarboxylic
acids was prepared, and their sodium salts were electrolyzed by a
procedure like that previously described.1 ®^

In order to avoid sig

nificantly influencing any rearrangements that might take place, the
"substituent" used was a deuterium atom a to the carboxyl group in
the starting acids.

Detection of hydrogen rearrangements was accom

plished by nuclear magnetic resonance (nmr) spectroscopy.

This

method was possible since deuterium does not absorb in the proton nmr
region, and integration of the nmr spectra of deuterated versus undeuterated (and otherwise identical) compounds can be used to deter
mine quantitatively the amount of either species present at specific
sites in some molecules.

The products most amenable to this analy

tical technique are the cycloalkanols and cycloalkenes formed follow
ing loss of C02 from the respective parent acids.

Since the amount

of deuterium oc to the carboxyl is known for the parent acids, the
amount of deuterium in the products either a to the hydroxyl group
in the alcohols, or as ethylenic "hydrogen" in the olefins can be

11
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compared to that originally present and a quantitative estimate of
rearrangement made.

These data are shown in Table I.

TABLE I

a -deuteriocycloalkanecarboxylates

Electrolyses in water of

Rearrangement ($)*
ring size

cycloalkene

cycloalkanol

C6
C8
C9

0
5
16

0
^0
25

Cio

0

* Other products of the electrolysis were not directly
analyzable for rearrangement by nmr.
In one case, C6 , hydrolysis
of the ester product yielded unrearranged cyclohexanol.

The general trend seen in the table above is that the alcohols
are more extensively rearranged than the' olefins.

Since recovered

acid had undergone no rearrangement of the deuterium atom, more re
arrangement has apparently occurred in the intermediate(s) prior to
the formation of the alcohols than before formation of the olefins.
The data suggest that there are considerably different energy re
quirements leading to the formation of the two products, perhaps
from a common intermediate.

Alternatively, the two products might

be derived from different intermediates with inherently different
propensities for rearrangement.

The correct overall explanation

should also account for the other products of the reaction and the
relative amounts of all the products.

The other products of the
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electrolysis were in general about the same for each acid in the
series.

TABLE II

Relative proportions of products from
electrolysis (cycloalkanol = 1)

ring
size

bicycloalkane

cycloalkane

cyclo
alkene

^6

0.0

0.05

0.5

c8*

0.5

Cg
Cio

0.2
0.1

trace
trace

2.0
2.0 '

0

5.0

ester
dimer

cyclo
alkanol

~1
-1
~1

1.0
1.0
1.0
1

* Some electrolyses yielded detectable amounts of cyclooctanone and with _t-butyl alcohol in the solvent, a compound tenta
tively identified as jt-butyl cyclooctyl ether was also formed. Com
parative electrolyses of labeled and unlabeled acids showed no de
tectable effect of the deuterium on product distributions.

The data in Tables I and II do not allow a clear cut decision
to be made as to the alternative explanations mentioned above.
Either of those proposals (and perhaps others) can accommodate the
observed facts.

The greater rearrangement found in the alcoholic

products and the greater proportion of olefinic compounds do not
conflict with the suggestion of one intermediate leading to both or
all products.

The reaction paths available to the intermediate are

those leading to olefin, alcohol, or rearrangement.

The data suggest

that the energies necessary to reach the transition states vary in
the same order, with that for olefin formation requiring the least,
and for rearrangement the most.

The fact that alcohol is more
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rearranged than olefin indicates a smaller energy difference between
\

the transition state for alcohol and rearrangement than between the
olefin and rearrangement transition states.

These arguments are

based on the concept that a statistical distribution of energy values
exists for this intermediate with some higher and some lower than the
average, and do not depend upon the charge type of the intermediate.
The alternative explanation of different intermediates leading
to different products also can account for the observed results.

It

is reasonable to expect that an intermediate leading only to alcohol
would differ in likelihood for rearrangement when compared to one
leading only to olefin.

This "difference" could be, as in the first

explanation, only in the relative energies of the intermediates, or
it could be that the intermediates differ in kind, with perhaps a
radical leading to one set of products and a carbonium ion to an
other.

The suggestion of these two particular species is not idle,

since the difference in ease of rearrangement of carbonium ions com
pared to radicals is well known and might well account for the re
sults obtained in this work.*

Other aspects of the properties and

reactions of these two intermediates must also be considered before
a final judgement on this explanation can be made.
As previously mentioned, comparisons of the abnormal Kolbe
electrolysis and known cationic reactions have strongly implicated

* In general, carbonium ions rearrange more readily than
radicals, but, as mentioned in the introduction, examples of exten
sive hydrogen atom rearrangements in medium rings have been reported.
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carbonium ions as intermediates in the anodic oxidation of carboxylates

,2’3 ’12

Studies of deaminations, deoxideations, and solvo-

lyses (all carbonium ion processes) show that cations generated in
these ways undergo elimination reactions and reactions with solvent
in apparently much the same way as the intermediate(s) formed in the
abnormal KOlbe electrolysis .12

Differences in the relative propor

tions of the products have been attributed to the differences in
solvation or encumbrance and in the relative energies of the cations
generated by the different reactions.

According to a recent report

on the reactions of the 3 ,3-dimethyl-l-butyl cation, solvolysis
yields the lowest energy and most highly solvated intermediate, and
deoxideation, deamination, and anodic oxidation yield progressively
higher energy species .12

It is important to note that the

methyl- 1-butyl "cation" generated by anodic oxidation by these work
ers is reported to undergo a major amount of "p-cleavage" very
much like the radical process of p-scission.

Interestingly, the

other reactions leading to high energy cations show little or none
of this process.
The product and rearrangement data of the anodic oxidations of
cycloalkanecarboxylates do not exclude a cationic intermediate and
really appear to be in good agreement with such a species.

The eli

mination of a proton from a cycloalkyl cation would yield either
cycloalkene or bicycloalkane, depending on whether the process were
1,2 or transannular (Step 1, Scheme 1).

Reaction with solvent or

carboxylate ion would yield, respectively, alcohol (Step 2 ) or ester
(Step 3).22

Scheme 1 shows these reactions.
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SCHEME 1*

r
(CH2 )t

-"H-

+

(CH^

(c h 2 )x

(CH2 )

Step 1

(R+)
R

+

RCO,

R+

+

H 20

*

■>
-H

>

r c o 2r

Step 2

ROH

Step 3

n = 2, b , 5 > or 6 and x and y can vary in the following

ways ;

2
3
b
5

6

1 or 3
2 , 3 , or ^
1, 2 , or 3
1 or 2

These same values apply in subsequent schemes..

Some products, however, such as cycloalkane and dimer are diffi
cult to explain if only cations are invisioned as intermediates.
These compounds are obviously products of radical reactions and since
such reactive intermediates are very likely to be present, their
reactions in aqueous solution should be considered.
A review of radical reactions (both organic and inorganic) in
water solutions points out the unusual aspects of such reactions and
especially the difficulties associated with determining the nature of
both the reactive species in solution and the true primary products .23
Most work with radicals in aqueous solution (excluding emulsions) has
dealt with the radiation chemistry of water itself or of inorganic or
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organic solutes .24’25

The redox reactions of low valent metal ions

and organic halides is another area of radical chemistry in w a t e r .26
A very important industrial process, of course, is the radical poly
merization of olefins in aqueous emulsions yielding synthetic rubber
or other polymeric materials .27
The products of radical reactions in water are of importance to
this work for comparison purposes.

The radical reaction between

methyl iodide and hydroxy radicals («0H) produces methanol .28

This

same report points out the high rate of reaction between oxygen and
methyl radicals (significant in later discussion) which is about 10s
greater than that between most alkyl radicals and low molecular
weight olefins or alcohols.

The reactions of hydroxy radicals (‘OH,

from the irradiation of water) with ethanol and methanol in dilute
oxygenated aqueous solutions to yield aldehydes and hydroperoxy
radicals (H00») exemplify the influence of oxygen in radical chemis
try .29
These reactions of radicals in aqueous solution do not appear to
have broad analogy to the reactions of intermediates in the abnormal
Kolbe electrolysis.

One study, however, did attribute the formation

of methanol to methyl radicals generated by the electrolysis of ace
tic acid in w a t e r .7

Other reports of oxygenated products being

formed from alkyl radicals generated in the Kolbe electrolysis appear
to be lacking.
All the products of the Kolbe electrolysis of cycloalkanecarboxylates can be explained reasonably well in terms of known radical
reactions .30

There is even a vague parallel between some radical and
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carbonium ion reactions.

The disproportionation of two cycloalkyl

radicals would yield a cycloalkane and cycloalkene or bicycloalkane,
depending on whether the process were 1,2 or transannular (Step 1,
Scheme 2) (This process superficially resembles the carbonium ion
elimination reaction)-.

The combination of one cycloalkyl radical

with another would produce dimer (Step 2), and with an acyloxy radi
cal (RC02 « , shown to be present in several electrolysis reactions9 ’3 1 )
would yield ester (Step 3)More difficult to explain by a radical mechanism is the forma
tion of alcohol in aqueous solution.

It could be formed in a secon

dary reaction by hydrolysis of ester products (Step i)-)32 or, appar
ently less reasonably, by the combination of a cycloalkyl radical
with an hydroxy radical (Step 5).33

The formation of hydroxy radi

cals directly from water by hydrogen abstraction is unlikely since
oxygen-hydrogen bonds are much less susceptible to homolysis than
carbon-hydrogen bonds.34

These reactions are shown in Scheme 2.

SCHEME 2

/
(CH2 )n

R.
/--------- > ( C H 2 )n

/ --+ (CH2 )n

+

(c h 2 )x

(CH2 )y

Step 1

(R-)
R*

R»

+

RC02 »

RC02R

+

R*

-OH

+

H 20

->

R-R

Step 2

->

RC02R

Step 3

---->• ROH

--- >

+

RC02H

ROH
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A possible alternative pathway to alcohol via radicals in water
involves the reaction of radicals with oxygen.

The reaction between

a cycloalkyl radical and oxygen would produce an alkylperoxy radical,
which could then follow one of several paths to form alcohol.

These

paths are shown in the scheme below:33

SCHEME 3

+

(CH2 )
n

o2

---- >

(CH2 )n
j

0 0
-

*

(R-)
ROO

+ ROO

ROO*

+ R*

------ >

ROOR

ROO*

+ RH

------ >

ROOH

ROOR

i>

ROOH

R0»

---- >

RH

+

+

02

R«

2 R0»

RO*

+

2 R0» (or ROOR)

+

•OH

---- ^S> ROH

+

R»

The above pathways to alcohol are mentioned because under the
conditions of the electrolysis of the cycloalkanecarboxylates, the
voltage is well in excess of that required to decompose water.35
This decomposition results in the formation of oxygen at the anode
and hydrogen at the cathode and has not been previously considered
to affect product formation in the Kolbe electrolysis.1 ’7 ’8
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The earlier proposition of different intermediates leading to
the two products analyzed for rearrangement can be related to the
above considerations of radical and carbonium ion chemistry.

One

reasonable way of using the separate intermediate mechanism to ex
plain the experimental results in Table I would be to suggest that
the olefins are radical disproportionation products and the alcohols
are products of carbonium ion reaction with water.

The comparatively

low frequency of hydrogen rearrangement in alkyl radicals1 4 ’15 agrees
with the observed data for the olefinic products.

Furthermore, the

considerably higher values of rearrangement in the alcohols agree
with the comparatively high frequency of hydride rearrangement in
carbonium ion systems.1 2 ’14
The chemistry of radicals and carbonium ions as described ear
lier does not exclude the other possibility of this "separate inter
mediate mechanism", namely that radicals are the intermediates lead
ing to alcohol and carbonium ions are the ones leading to olefins.
The rearrangement data appear here, however, to conflict with the
usual expectations of rearrangements in radicals and carbonium ions
just mentioned.
The artificial restrictions we have placed on the possible
mechanisms of formation of olefin and alcohol are, of course, not
realistic.

We must also include the other products of the reaction

and, in addition, other pertinent experimental data in the total
picture to be accounted for by our mechanism.
The majority of the olefinic and bicyclic hydrocarbons can be
considered the products of one single process.

This is not likely
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to be the disproportionation of radical pairs since another study
produced very little evidence for such a transannular process in
cycloalkyl radicals in hydrocarbon solvents.21

The olefins could be

accounted for on this basis, but they are more probably formed from
cycloalkyl cations.

This intermediate (cation) is known to undergo

significant transannular elimination16^, and formation of the bicyclic hydrocarbons virtually requires its intermediacy.

If it leads

to the bicyclics, then surely a major portion of the olefins is
also derived from it since the major elimination reaction product
from such cations is olefin.16^
The best overall explanation is probably one that incorporates
some features of both basic suggestions for mechanisms accounting
for the experimental data.

Perhaps more than one reactive species

leads to the observed products of the electrolysis, and the differ
ences in extent of rearrangement in olefins and alcohols may be due
both to the differences in kind and energy of the intermediates.
Other experiments involving rearrangements of cycloalkyl radicals
and their reactions in aqueous solution bear on the issue.
The possibility of hydrogen atom migration in cyclic systems
has already been investigated in some laboratories, and such rear
rangements have been observed in oxygen, halogen, or polyhalomethyl
substituted systems,l s C ’1 6e >2 °

jn reactions of unsubstituted cyclo

alkyl radicals, however, the same problem arises, as in the earlier
electrolysis work, namely, how to detect the hydrogen rearrange
ments.

In our own experimental work in this area, this problem was

overcome in much the same way by using a deuterium atom as a
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substituent and nmr as the analytical tool.

Also overcome was the

difficulty of finding a radical

reaction that would utilize starting

materials that

specifically with deuterium and form

could belabeled

products analyzable for deuterium placement by nmr.

This work was

limited to the cyclooctyl ring system since, in the electrolysis work,
the greatest difference in extent of rearrangement in alcohol and
olefin was obtained in the C a system.

This observation, it was

hoped, indicated that the cyclooctyl ring was the one most sensitive
to the kind of intermediate and its ease of rearrangement.
One successful approach to the study of hydrogen rearrangements
in radicals utilized the Hunsdiecker reaction.

This reaction, be

tween halogens

and silver salts of carboxylic acids, yields alkyl

halide, carbon

dioxide, and silver halide.

The reaction is

thought

to proceed initially through the formation of an acyl hypohalite
which then decomposes thermally to form an acyloxy radical and a
halogen atom.

The acyloxy radical deca.rboxyla.tes rapidly to yield

an alkyl radical, which reacts in a chain process with an acyl
hypohalite molecule by abstracting halogen to form an alkyl halide.
The acyloxy radical formed in this last step continues in the same
sequence of reactions toward product.36

These processes are depicted

in Scheme 4.
SCHEME itRCO^g

+

Br2

RC02Br

RC02Br

RC02 »
R*

+

^
>
RC02Br

R»

RC02 »
+
>

+

AgBr

+

Br»

+

RC02 *

C02
RBr
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Cyclooctanecarboxylic acid, deuterated in the a

position, was

analyzed for hydrogen content in that position by nmr.

Rearrangement

of the reactive center in a transannular or 1,2 fashion would in
crease this value in the product halide and could be determined quan
titatively, although not as accurately as in the earlier work, by nmr.
The absorption in the nmr spectrum of cycloalkyl halide is shifted
downfield about 2 ppm from the rest of the spectrum, and the inte
grated

areas of the two resonances can be compared to determine the

extent

of hydrogen rearrangement.

The accuracy of this measurement

is less than that in the earlier work due to the necessity of com
paring a relatively small number to a large one.
The reaction was carried out with the silver salt of

a -deuter-

iocyclooctanecarboxylic acid and bromine to yield cyclooctyl bromide,
carbon

dioxide and silver bromide.

Unfortunately, the reaction also

apparently yielded small amounts of polybrominated compounds which
caused some difficulty with the precise determination of
ium labeling by the nmr analysis.

a -deuter

However, a good estimate of the

maximum extent of rearrangement in the reaction was made, and this
value was found to be 15$.

This value is higher than that observed

in the olefinic products of the electrolysis, but considerably less
than the one found in the alcoholic products.

The reaction condi

tions of carbon tetrachloride solution and the less accurate analysis
perhaps make this number not directly comparable to the results ob
tained with olefin or alcohol.

Final comment on these data will be

made later.
Another reaction incorporating the desired features for study of
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hydrogen atom rearrangement is the thermal decomposition of peroxy
esters .37

The reaction is thought to proceed by several pathways

depending on solvent and structure of the alkyl groups involved.

The

two most likely paths for systems with ordinary alkyl substituents
both involve the homolytic scission of the oxygen-oxygen peroxide
bond, and in one case, the simultaneous scission of carbonyl carbonalkyl carbon bond leads to carbon dioxide directly.
shown diagramatically in Scheme 5«

These paths are

alkyl and alkoxy radicals

then react in the usual fashion with other molecules or each other.

SCHEME 5

/

•$>

R

RC02Q

RCO 3CR 3

i>

+

*0R *

RC0 2CR20r' *

* This is a radical displacement reaction in which Q* is an
unspecified radical species.
This path might become important in
concentrated peroxy ester solutions.

* This is known as the Criegee reaction and is ionic.
It would destroy the peroxy ester and form no product of signifi
cance in this work.
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Both labeled and unlabeled cyclooctanecarboxylic acid were con
verted into the corresponding jt-butyl peroxy esters.

The _t-butyl

peroxy ester was used since the _t-butoxy radical generated by its
decomposition would form only acetone or _t-butyl alcohol and this
latter product was already a component of the solvent system.

In

an effort to make conditions as near like the electrolysis as possi
ble, the medium chosen was water with enough Jt-butyl alcohol present
to make a homogeneous solution with the peroxy ester.

(Electrolysis

was carried out in this same solvent mixture with little change in
the products compared to pure water.

Cyclooctanone was observed in

greater amount from electrolysis in H 20-_t-BuOH.)
Depending on the size of the reaction being carried out, all
decompositions of both labeled and unlabeled peroxy ester led to
detectable or isolable amounts of the expected cyclooctene and cyclooctane products.

In addition to these products derived from cyclo

octyl radicals were formed acetone, 2-methylpropene, and very likely
_t-butyl alcohol, products of reactions of the _t-butoxy radical.
However, some other unexpected products were also found.

Cyclo-

octanol, cyclooctanone, and jt-butyl cyclooctyl ether were observed in
several reaction product mixtures.

The proportions of these oxy

genated compounds ranged from hardly detectable up to major products
of the reaction.

Variations in temperature, solvent composition,

reaction time, or atmosphere above the decompositions did not corre
late well with the yields of these compounds.

There was apparently

a relationship between the concentration of peroxy ester and the
relative proportions of oxygenated versus hydrocarbon products.
Table III shows these data.
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TABLE I I I

Thermal decompositions of _t-butyl cyclooctaneperoxycarboxylate
in binary solution, H 20-J>BuOH (x mole ^ : y mole <f0)

1

2

105
0.06

80
0.5

%
85 : 15

60 : 40

Conditions
T, °C
molarity
of substrate
atmosphere
(x : y)

1

80
2.5

air

air

60 : I

Products*-relative proportions within one reaction (cyclooctene = 1)
cyclooctane
cyclooctene
Jt-butyl cyclooctyl ether
cyclooctanone
cyclooctanol
other products^

0.4

0.5

1

1
2

0.1
0.2

0.5
1.9

—

1
1
4.5
3.0
3-5

* Any secondary deuterium isotope effect was not detected
in comparisons between labeled and unlabeled peroxy ester decompositions.
* Acetone, 2-methylpropene, and uncharacterized high mole
cular weight materials were also product's of the decompositions.
Blank experiments with cyclooctene and cyclooctanol showed that under
conditions similar to and at least as severe as the electrolyses and
decompositions, no hydration of the olefin or dehydration of the al
cohol occurred. A blank reaction of _t-butyl alcohol heated in water
and under pressure did yield 2-methylpropene by dehydration.

The hydrocarbon fraction from the peroxy ester decompositions
contained only cyclooctene and cyclooctane, and the olefin from
labeled peroxy ester reactions was found to be unrearranged.

The

ratio of alkene to alkane was found to be greater than one, suggest
ing a disproportionation reaction involving unlike radical pairs.
The finding of alcohol in the reaction mixture, of course,
prompted efforts to isolate it in sufficient quantity and purity for
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hydrogen rearrangement analysis.

However, in only one instance was

it isolated (as a derivative), and this was from a. mixture composed
of the products of several decompositions of unlabeled peroxy ester.
Other attempts with both unlabeled and labeled peroxy ester decompo
sition products were unsuccessful.

These unsuccessful attempts were

made on smaller samples with differing and generally lower propor
tions of cyclooctanol present.
The oxygenated products could arise in several ways.

An obvious

one would be reaction of cyclooctyl radicals with atmospheric oxygen
to form cyclooctylperoxy radicals which could then follow one of the
paths set out in Scheme 3 to form cyclooctanol.

Hydrolysis of the

ester formed by coupling a cyclooctyl radical and an acyloxy radical
would also be a route to the alcohol.

Cyclooctyl cyclooctanecarboxy-

late could also be formed in a radical displacement reaction like
that depicted in Scheme 5 where Q* would be a cyclooctyl radical.
The increase in formation of alcohol (from hydrolysis of ester) with
increased peroxy ester concentration is in agreement with this last
mechanism which should become more important with increasing pro
duction of cyclooctyl radicals.

Further oxidation of the alcohol

would account for the cyclooctanone but would leave the _t-butyl
cyclooctyl ether unexplained.
Formation of _t-butyl cyclooctyl ether can be explained by an
examination of the homolytic decomposition of _t-butyl cyclooctane
peroxycarboxylate.

Concerted two bond scission or one homolysis

followed quickly by another, yielding cyclooctyl radical, carbon
dioxide, and _t-butoxy radical, all instantaneously within a solvent
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cage, would set the scene for easy formation of the ether.

The

subsequent cage recombination of the two radical fragments would
yield the ether.

This reaction would be expected to be favored in

more viscous solvents and at lower temperatures since the ease with
which free radicals would escape from the solvent cage would decrease
under those conditions.

Acid cleavage of this rather hindered ether

should be relatively easy and would provide an alternate route to
cyclooctanol.38

Even more likely, however, is abstraction of the

a-hydrogen on the cyclooctyl ring of the ether by one of the radi
cals generated during the reaction.39

The j3-scission of this new

radical would almost certainly lead directly to the formation of
cyclooctanone and a. _t-butyl radical.

40

It is noteworthy that greater

amounts of the ketone were formed in electrolyses in HaO-t-BuOH
where the ether was always another product.
The uncertainty of the mode of formation of cyclooctanol and
cyclooctanone from the decomposition of -the peroxy ester makes anal
ogy to the electrolysis of ca.rboxyla.tes somewhat difficult.

These

products are present in both reactions and may well be related
mechanistically.
More difficult to explain by a common mechanistic scheme is the
_t-butyl cyclooctyl ether obtained both from peroxy ester decomposi
tions and electrolysis of carboxylate in the presence of Jt-butyl
alcohol.

To form the ether in both reactions by a radical pathway

requires the intermediacy of the _t-butoxy radical in both systems.
The presence of such radicals in peroxy ester decompositions is
assured since a primary product of the homolysis of the peroxy 0-0
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bond is _t-butoxy radical.

Reasonable paths leading to these radicals

in electrolyses in _t-butyl alcohol solvent are not so easy to envi
sion.

The considerably greater difficulty of homolytic cleavage of

hydroxyl 0-H bonds compared to cleavage of C-H bonds virtually pre
cludes this as a. means of generating the Jt-butoxy radical .34

These

arguments show the unlikelihood of a common radical mechanism for the
formation of the ether in both decomposition and electrolysis re
actions.
Oxidation of cyclooctyl radicals to cyclooctyl cations followed
by electrophllic substitution on_t-butyl alcohol explains, by an
ionic mechanism, the formation of _t-butyl cyclooctyl ether.
3 in Scheme 1, p. 15, shows an analogous reaction.)

(Step

A related ionic

pathway for the formation of the ether in peroxy ester decompositions
is not reasonable.
The product identified as _t-butyl cyclooctyl ether is very like
ly derived from radicals in the decompositions and from cations in
the electrolyses.

Its detection in electrolyses of cyclooctanecar-

boxylates must then be considered as really significant evidence for
the intermediacy of cations.
The fact that the olefin derived from the peroxy ester decompo
sitions was found to be unrearranged is further substantiation of
the belief that medium ring radical systems are less prone to rear
range than the corresponding carbonium ions.

A lack of transannular

processes in medium ring cycloalkyl radicals is shown by the absence
of bicycloalkane products and is in good agreement with the data
found by other workers in a study of some medium ring radical
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disproportionstion reactions.21

The decreased proportion of hydro

carbons relative to oxygenated products at increased peroxy ester
concentration suggests that simple radical recombinations producing
the latter products is favored over the disproportionation reactions
yielding the former products.
The above data indicate that the thermal decompositions of the
peroxy esters were not clean reactions and yielded only relatively
small amounts of products useful in mechanistic studies.

A cleaner

and less complex radical generating reaction was sought to help as
certain the actual role of radicals in the formation of non-hydro.carbon products in aqueous solutions.
The thermal decomposition of dialkylmercury compounds is be
lieved to proceed via alkyl radicals, so this reaction was chosen as
a means of generating cyclooctyl radicals under conditions like those
of the electrolyses.41

It was hoped that the reaction would be free

from complicating side reactions like those which clouded the assess
ment of mechanisms in the peroxy ester decompositions, but would
yield some clear-cut information.
The carbon-mercury bond in dialkylmercury compounds is about 8f0
ionic in character42 and is subject to, in general, the same reac
tions as the carbon-magnesium bond in Grignard reagents, but at a
much slower rate.43

The same direction of polarity holds also, so

that the mercury has some cationic nature and the carbon is slightly
anionic.44

Hydrolysis of carbon-metal bonds does not occur unless

the electronegativity of the metal is 1.7 or less, and Hg is 1.9high covalency of the carbon-mercury bond makes homolysis a common

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

The

31

pathway for cleavage and is a normal mode of decomposition under neu
tral thermolysis conditions.45
With these properties in mind, dicyclooctylmercury was prepared
and utilized in some thermolysis reactions.

The results of these

reactions are summarized in Table IV.

TABLE IV'

Thermal decomposition of dicyclooctylmercury

Conditions
T, °C
molarity
of substrate
atmosphere*
solvent

1

80
0.11
n2
H 20 -_t-BuOH
(85 mole
: 15 mole <f0)

2

80
0.11
n

2

h 2o

Products * -relative proportions within one reaction (cyclooctene = ]
cyclooctane
cyclooctene
cyclooctanone
cyclooctanol

1.1
1
3.6
11.T

0.3
1
1.2
3.0

* These reactions were run under conditions like those
normally required for air sensitive compounds such as Grignard
reagents.
* In addition to these named compounds, elemental mer
cury and small amounts of an uncharacterized volatile compound were
also obtained in the decomposition reactions.

The most striking feature of the data presented above is the
apparently anomalous formation of relatively large amounts of oxy
genated products from a radical reaction.

Explanation of the mecha

nism of production of these compounds is somewhat difficult in light
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of the presumed intermediacy of cyclooctyl radicals.

The usual r e 

actions of cyclooctyl radicals have already been discussed, and the
expected products would be cyclooctane, cyclooctene, dimer and per
haps some compounds derived from reaction with solvent.

In these

thermolyses the solvent is unlikely to react with radicals to pro
duce compounds containing oxygen due to the high resistance of the
0-H bond to homolysis.34

Apparently, then, some other source of

oxygen must account for the production of the alcohol and ketone
products and an obvious choice would be molecular oxygen.
The products from radical reactions with molecular oxygen can
be alcohols and ultimately ketones.46

(See Scheme 3, p. 19.)

Rea

sonable efforts were made to exclude oxygen from the reaction at
mosphere since the avoidance of this possible reaction path was
deemed necessary if the reactions were to be meaningful for mecha
nistic studies.

It is therefore difficult to believe that atmos

pheric oxygen was present in sufficient 'amount to have been a major
reactant in the radical reaction.
Some ionic mechanisms for the formation of cyclooctanol from
dicyclooctylmercury can be devised.

Hydroxide ion attack on the

carbon-mercury- bond could conceivably lead to displacement of either
a carbanion or a negatively charged mercury-alkyl species.

The

former possibility would lead to cyclooctane and cyclooctylmercuric
hydroxide (Step 1) and the latter to cyclooctanol and a cyclooctylmercury anion (Step 2).

Scheme 6 shows these reactions.47
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SCHEME 6

/

--- \

(c h 2)4
\

OH

(c h 2)4

->

R

+

RHgOH

Step 1

Hg°|

Step 1

/

Hg J

H

(R-Hg-R)

RH

A
OH
R-Hg-R

->

ROH

+

RHg"

>

/■

R'

+

The first possibility is the more plausible of the two since
the usual mode of attack of a negative species is on a positively
polarized center.

The products of such a reaction, however, are not

those actually observed and certainly do not explain the great
amount of alcohol produced.
The second possibility is very unlikely and has never been ob
served, since this would require the formation of a negative mer
curial species in contrast to the usually favored positive charge on
metals less electronegative than carbon.47

Though the alcohol would

be formed in this mechanism, the same amount of cyclooctane would
also be formed and this is not in agreement with the observed re
sults .
Acid cleavage of organomercurials is known and could account for
some of the products of the decomposition of dicyclooctylmercury,48
This process would be expected to yield equivalent amounts of cyclo
octane and cyclooctyl cations which could react with solvent to form
alcohol or ether depending on solvent composition (Step 1).

Simple

ionization of the carbon-mercury bond would be expected to yield a
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ca.rbani.on and an alkylmercury cation which would lead again to a
1 : 1 ratio of cyclooctane and oxygenated products49 (Step 2).

Such

an ionization is unlikely unless there is some good negative charge
stabilizing function in the alkyl group.

These reactions are shown

in Scheme 7»48

SCHEME 7

r~

\
HY
(ch2)4 ------ >

(c h 2)4

J

\ _

RH
+
_
RHgY — > RHg + Y

Step 1

■Hg
(R-Hg-R)
HY

ROH
V
+ 4 --- R+ +
ROR
(solvolysis products)
+

Hg°|

H
R-Hg-R ^ ± :

RHg

+

R"

>

RH

+

R+

+

Hg°|

Step 2

The most important argument against all of the above ionic path
ways to cleavage of dicyclooctylmercury is that the decomposition
reactions were all run in neutral solutions, and, for the ionic
cleavages to become important, significantly acidic or basic condi
tions presumably would be required.50
It is difficult to know precisely what sequences of reactions
radicals may undergo under these aqueous conditions, but the major
product of the overall reaction is observed to be cyclooctanol.

The

discussion above on the possible ionic paths to this product shows
the difficulty of rationalizing the production of cyclooctanol in any

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

35

way other than through radical intermediates.

The significant point

learned from this study of cyclooctyl radicals in water is that the
formation of cyclooctanol is a major reaction of these intermediates
and therefore has some bearing on the study of the mechanism of the
"abnormal" Kolbe electrolysis of cycloalkanecarboxylates.

Scheme 8

shows some possible pathways to the observed products from the
reactions of cyclooctyl radicals in aqueous solution.

SCHEME 8 •

r~
(ch2)4

(c h 2)4
Y _

>

2R-

+

Hg |

•Hg
Step 1

(R-Hg-R)

oxygenated
products
(See Scheme 3)

/ ---

R* *
V.

(c h 2 )4

2R00-

(rn

+

RH

\

*

R ‘ could be an oxygen containing radical
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Step 2

III.

CONCLUSIONS

A comparison of anodic oxidations of carboxylates in aqueous
solution to some known cationic processes has led to the suggestion
that anodic oxidation also generates carbonium ions in solution.
Our own work does not give results which directly conflict with this
proposal, but we have found indications that non-ionic processes
(especially those involving oxygen) may also be important in "abnor
mal" Kolbe electrolyses.
Briefly stated, the data are as follows:
Aqueous electrolyses of cycloalkanecarboxylates yielded as pro
ducts bicycloalkanes, cycloalkanes, cycloalkenes, cycloalkanols,
cycloalkanones, dimeric hydrocarbons, and cycloalkyl.cycloalkanecar
boxylates.

When t-butyl alcohol was a part of the solvent, J>butyl

cycloalkyl ether was also formed.
Reactions of cycloalkyl radicals in aqueous solution yielded
cycloalkane, cycloalkene, cycloa.lka.nol, and cycloalkanone. _t-Butyl

%
cycloalkyl ether was also formed in some radical reactions in which
_t-butoxy radicals were believed to be present.
Aqueous electrolyses of a-deuteriocyclooctane carboxylates
revealed that the intermediates leading to cyclooctene had suffered
less rearrangement of the deuterium label than those leading to
cyclooctanol..
Some reactions which proceeded through the intermediacy of
deuterium labeled cyclooctyl radicals showed about the same extent

36
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SCHEME 9

C02

R-R

R*
RCO
R-

-e
OH

ROH

RCO;
+

ROR

See text for explanation of numbered reaction paths.

e~ = electron
if x = 5, y = 1; if x = 3, y = 3

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

38

of rearrangement of the label in the cyclooctene products as in the
same products from electrolysis reactions.
Scheme 9 depicts the possible pathways for product formation
for the electrolysis of a cyclooctanecarboxylate.

Other cycloal-

kanecarboxylates generally yield analogous products by the same
routes.
The best overall mechanism for the "abnormal" Kolbe electroly
sis of cycloalkanecarboxylates can be formulated from elements of
Scheme 9*

The results of the product distribution and rearrangement

studies of the reactions described in this work aid in choosing the
important reaction sequences.
The paths designated by the first too heavy arrows in Scheme 9
( 1 and 2 ) almost certainly are the only significant routes to
• •*
• ••
the intermediate R* as shown elsewhere.9 ’10

Adsorption of the acyl

oxy and alkyl radicals on the anode surface may also be important9 ’10
but cannot be discerned as fact from our-studies.

Whatever adsorp

tion does occur is thought to increase the stability, and hence life
time, of these radical intermediates.10
Previous workers have also considered the pathway to the cyclo
alkyl cation shown by the third heavy arrow ( $ ) as necessary as
• • •

the first too if satisfactory explanations of the olefinic and alco
holic2 ’3 ’1 2 ’1 3 ’16^ products of the electrolysis were to be made.
Our own work suggests that the formation of these products also
occurs directly from the radical R* via paths

b

and

• • •

6 .

We have

• • a

found that the reactions of cyclooctyl radicals in water yield both
of these products plus cyclooctane and cyclooctanone.
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Radical mechanisms for the formation of cyclooctane and dimer in
the electrolysis reaction are very reasonable.

Disproportionation

of cyclooctyl radical pairs yields equivalent amounts of cyclooctane
and cyclooctene.

(Disproportionation of unlike radical pairs of

which one member of each pair is a cyclooctyl radical can yield vary
ing amounts of cyclooctane or cyclooctene and other products.
Scheme 8, Step 2.)

See

Simple hydrogen atom abstraction by cyclooctyl

radicals can also account for the production of cyclooctane.

Cou

pling of two cyclooctyl radicals yields the dimer, bicyclooctyl.
Reasonable cationic paths to cyclooctane and bicyclooctyl cannot be
envisioned.
Other studies have shown that bicycloalkanes, cycloalkenes,
and cycloalkanols (or ethers) are products of cycloalkyl cation
reactions in water (or alcohol) solvent.

The.bicycloalkanes are

transannular elimination products of the cycloalkyl cations (com
pared to usual 1,2 elimination to form cycloalkenes), and the
alcohols

(or ethers) are products of the reaction of solvent with

these intermediates.

(Paths

5
• • •

an^ 7

)

• * •

The reactions of simple cycloalkyl radicals in water or alco
holic solvents .do not yield detectable amounts of bicycloalkanes
nor are ethers formed in the absence of alkoxy radicals.

Cationic

intermediates must give rise to these products in the anodic oxida
tion of cycloalkanecarboxylates.
Since 1,2 elimination of a proton by cycloalkyl cations is
a preferred reaction path compared to transannular elimination
(much more olefin than bicycloalkane is formed),1® ^ ’6 it can be
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inferred that the bicycloalkane products are formed through a higher
energy pathway than olefin.

If the more likely elimination route is

to form cycloalkene in other known cationic reactions, then the same
preference should be shown in the electrolysis reaction to yield more
cycloalkene than bicycloalkane from the cycloalkyl cations present.
This interpretation of the elimination reaction paths of cycloalkyl
cations in anodic oxidation reactions implies that the formation of
olefin via cycloalkyl radicals is probably not as important a path
as from cycloalkyl cations.
Further support for this last statement comes from the rear
rangement data obtained from the electrolysis reaction and from the
reactions of labeled cycloalkyl radicals in aqueous solution.

The

olefin product from the radical reactions was unrearranged while
that from the electrolysis was rearranged to a significant extent.
This result suggests different intermediates leading to the olefins
in the two reactions.

If radicals gave rise to a major fraction of

the olefin, then they also should form even greater amounts of the
alcohol products in the electrolysis.

This proportion would be ex

pected because the radical reaction in water yielded olefin in re
latively small proportion compared to alcohol.

However, the alcohol

product in the electrolysis is found to be rearranged to a. much
greater extent than the olefin, and this observation virtually rules
out the possibility that a major part of the alcohol arises via
radical intermediates.

Alcohol formation by cycloalkyl radicals is

a lower energy reaction than olefin formation (more alcohol is formed),
and, since the more difficultly formed product is unrearranged, it
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is very unlikely that the easier formed alcohol is more rearranged.
(Rearrangement is a process with higher energy requirements than ole
fin or alcohol formation:

these products are formed with incomplete

rearrangement of D label.)
These arguments and those outlined in the bulk of the discus
sion lead to the following conclusions.

Cyclooctane and dimer are

exclusively radical products, a.nd bicycloalkane and ether are ex
clusively cationic products.

The ester, alcohol, olefin, and ketone

can be products of either cationic or radical reactions.

It is

likely that the major portion of both alcohol and olefin are derived
from cations, and no information was obtained that bears on the
possible predominant route to ester or ketone.
These conclusions differ from the usually accepted mechanisms
for formation of alcohol, olefin, ester and ketone in that these
products are normally considered to arise only via cationic inter
mediates.

Further studies using alcoholic solvents, different

substrates, and other variations in conditions of the electrolysis
should yield additional information about the more detailed aspects
of the overall mechanism of the Kolbe electrolysis of cycloalkanecarboxylates.
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IV.

EXPERIMENTAL

The compounds used in all syntheses were reagent grade commer
cial chemicals or materials on hand from previous work in these
laboratories16^ and, unless indicated otherwise, required no fur
ther purification.
The infrared (ir) spectra were obtained with a Perkin-Elmer
Infracord Model 137 infrared spectrometer; samples of compounds were
examined as thin films on sodium chloride plates.
The nuclear magnetic resonance (nmr) spectra were obtained
with a Varian Associates Model A60A nmr spectrometer.

Unless stated

otherwise, the samples were dissolved in chloroformed with tetramethylsilane (TMS) as internal reference.
Gas chromatograms (gc) were obtained using one or more of the
following instruments all equipped with hydrogen flame ionization
detectors:

Beckman Model GC-5; Micro-Tek Model GC 1600 with Disc

Integrator; Barber Colman IDS Chromatograph Model 20.
Mass spectra (ms) were obtained from a Varian Associates Double
Focusing M -66 Mass Spectrometer by Mrs. Gregory White of the Louisiana
State University Chemistry Department technical staff.

(Mass spectra

obtained by Dr. A. Thomas of Firmenich, Inc., Geneva, Switzerland,
are denoted AT.)
A.

Deuterium Labeling of Cycloalkanecarboxylic Acids
1.

a-Deuteriocyclohexanecarboxylic Acid
Cyclohexanecarboxylic acid (32 g, 0.25 mole) and

k2
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sulfuric acid-dp* (25 g, 0.25 mole) were quickly added to a one
neck, 100 ml round bottom flask equipped with a Teflon-coated mag
Water-dP* (5 g, 0.15 mole)

netic stirring bar and quickly stoppered.

was added with a syringe, and a well greased, ground glass stopper
fitted with a thermometer was used to seal the flask.
vessel was heated to 85° and stirred for 3 days.

The sealed

The contents of

the flask were removed to a separatory funnel and diluted with
100 ml each of water and pentane.

Addition of brine hastened the

breakup of the dark gel-like emulsion that formed on shaking the
mixture.

The aqueous layer was removed and extracted with four

50-ml portions of pentane, and the combined extracts were washed
with four 50-ml portions of distilled water.

The organic layer

containing free carboxylic acid was extracted twice with 100 ml
portions of 1 N sodium hydroxide solution.

This basic, aqueous

solution of the salt of the carboxylic acid was extracted twice with
50 ml of pentane.

The resulting aqueous, solution, free of any or

ganic material other than the desired carboxylate was acidified with
1 N hydrochloric acid, and the organic acid that separated was ex
tracted into pentane (four 50-ml portions).

The pentane was re

moved by rotary evaporation to yield 29 g (0.22 mole) of a-deuteriocyclohexanecarboxylic acid (90<f0 yield).

The theoretical incorpora

tion of deuterium in the a-position was 0.625 mole fraction (0.375
hydrogen).

Determination by ms (AT) showed only 0.20 mole fraction

deuterium.*

*

95 mole <j0 d2

*

99 *.8 mole <
i[0 d2

+

nmr analysis for deuterium was not possible due to the
unresolvable spectrum of this compound.
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2.

o'-Deuteriocyclooctanecarboxylic Acid
The same procedure as described for the deuteration

of cyclohexanecarboxylic acid was used for this acid with some modi
Cyclooctanecarboxylic acid (2b g, 0.15 6 mole), sulfuric

fications.

acid-dp (25 g, 0.25 mole), and water-dp (2.8 g, O.lU mole) were
mixed and stirred for one week at 90°.

By use of the same isolation

procedure as described in A.I. above, 22 g (O.llj- mole) of the labeled
acid was recovered (91$ yield).

The theoretical incorporation of

deuterium, at equilibrium, in the cv-position was 0.72 mole fraction
(0.28 mole fraction of hydrogen), and nmr analysis showed 0.60 mole
fraction of deuterium.
3.

This value was verified by ms (AT).

Q'-Deuteriocyclononanecarboxylic Acid
The same procedure as described in A.I. was used

except that a sealed glass ampoule was the vessel, and the mixture
was unstirred.

A mixture of cyclononanecarboxylic acid (4 g, 0.023

mole), sulfuric a.cid-dP (5 A

g 0 .05^ mole), and water-dp (0.7 g,

0.035 mole) was heated in the sealed tube for 3 days at 100°.
labeled acid (3-5 g) was recovered (85$ yield).

The

Theoretical in

corporation of deuterium in the a-position was 0.80 mole fraction
(0.20 mole fraction hydrogen), and nmr analysis showed O .78 mole
fraction of deuterium.
Q'-Deuteriocyclodeca.necarboxylic Acid
The same procedure was used as described in A.I. for
the deuteration of this acid.

A mixture of cyclodecanecarboxylic

acid (12 g, O.O 65 mole), sulfuric acid-dP (29 g, 0.29 mole), and
water-dP (k.J> g, 0.21 mole) was heated at 90° for 1 week.
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O'-Deuteriocyclodecaneca.rboxylic acid (7.2 g) was recovered (60<f0
yield).

Theoretical incorporation of deuterium in the Q'-position

was 0.90 mole fraction (0.10 mole fraction hydrogen), and nmr showed

0.72 mole fraction of or-deuterium.
B.

Kolbe Electrolyses of a'-Deuteriocycloalkaneca.rboxylic Acids
1.

General
These electrolyses were carried out in an apparatus

designed to allow a relatively small volume ( ~ 1 0 ml) of liquid to
be electrolyzed.
oxidations.

Figure 1 shows the equipment used in the anodic

A Kontes, K- 25OO 5 , 125 m l Universal Electrode Vessel was

fitted with the appropriate graphite (+) and copper (-) electrodes,
nitrogen inlet and exit, and magnetic stirring bar.

The graphite

anode had a surface area of about 5 cm2 , and the copper cathode
always had an area well in excess of that of the anode.
For each electrolysis, the current was initially ad
justed to a. value such that the anode had a current density of about
0.05 ampere per square cm of exposed surface.

This current was

supplied either with a bank of lead-acid storage batteries (22
volts) through a variable resistor, or with a direct current power
supply that allowed variation of the voltage applied across the elec
trolysis cell.

Normally the current through the cell varied during

the course of the electrolysis as the resistance of the solution
changed and substrate was consumed.
The electrolyses were always run with slightly acidic
solutions.

As the reaction proceeded, the solution became more

basic (sometimes reaching a pH of 9).

Product distributions were not
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detected to vary significantly with differences in the length of
time the electrolysis was. run, voltage employed (always in excess
of 20 volts across the cell), or concentration of substrate.
2.

O'-Deuteriocyclohexanecarboxylic Acid
A homogeneous mixture of or-deuteriocyclohexanecarboxy

lie acid (13-8 g, 0.106 mole), sodium hydroxide (3-3 g» 0.082 mole),
and water (20 g, 1.11 mole) was placed in the reaction vessel.
Nitrogen, to help remove evolved carbon dioxide and volatile hydro
carbons, was introduced in a gently bubbling stream.

After leaving

the apparatus, the gas flowed through a drying tube (calcium chloride
or Drierite), then through a small cold finger condenser immersed in
an. acetone-solid carbon dioxide bath (-78°), and finally through a
preweighed U-tube filled with 8 mesh Ascarite.
The current was adjusted to 0.22 ampere to give an
initial current density of 0.06 a.mp/cm2 at the anode of surface area
3.7 cm2 .

The Ascarite U-tube was placed on its side and shaken to

present a. large surface to the gas stream and lessen the ease with
which the tube could become plugged with reacted Ascarite.

The U-

tube weighed 53-99 g initially.
After the electrolysis had continued for 9 hours,
dilute hydrochloric acid was very quickly added to the basic reac
tion mixture (to displace dissolved carbon dioxide), and the system
was resealed to force the gases to flow on through the system of
traps.

After bubbling ceased and the mixture had been purged for a

few minutes by the nitrogen stream, the U-tube was weighed and found
to have gained 1.23 g (55-22 g total) or 0.028 mole of carbon
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dioxide.

This amount corresponds to about 35$ of the expected amount

of gas based on the number of coulombs passed through the solution.
The acidic reaction mixture was made basic with 1 N
sodium hydroxide solution and removed to a separatory funnel.

The

reaction vessel was washed with distilled water and ether (100 ml of
each), and these washings were also added to the separatory funnel.
The basic aqueous layer was removed and set aside for recovery of
unreacted acid.

The ether layer was extracted twice more (50 ml

portions) with distilled water, and these washings plus the first
aqueous basic layer were mixed and acidified with dilute hydrochloric
acid.

The separated organic acid was taken up into ether and dried

over Drierite.

Removal of solvent gave 5 g (0.039 mole, 36$) of

recovered Q'-deuteriocyclohexaneca.rboxylic acid.
The ether layer containing the neutral products of
the electrolysis was dried, and the majority of the ether was re
moved by rotary evaporation.

The remaining liquid was analyzed by

gc before a distillation to isolate the olefin and alcohol frac
tions.

The gc analysis (Micro Tek instrument and a -g" x 18* column

packed with 10$ tricresyl phosphate on 60/80 mesh Chromosorb P at
86°) of this solution showed that cyclohexane and cyclohexene were
present as the only volatile hydrocarbons and in the ratio of 7 :
16k.

The gc analysis of the contents of the cold finger trap showed

the same compounds present in a ratio of lk : I 78 for an average
ratio of 0.06 : 1.

The other products were analyzed with an Aerograph

Autoprep Model A - 7OO gas chromatograph equipped with a ■§

x 12

1

column filled with 80/100 mesh Chromoport XX loaded with 17$ ethylene
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glycol adipate.

(it was originally intended to separate the compo

nents of the mixture by preparative gas chromatography instead of
distillation.)

This gc analysis along with the distillation data

showed that the higher boiling products, cyclohexanol, cyclohexyl
cyclohexanecarboxylate, and bicyclohexyl, were present in greater
amounts than the volatile hydrocarbons already mentioned.

There

was at least twice a.s much alcohol as cyclohexene and as much or
more ester and dimer than alcohol.

These products were identified

by comparisons of their ir, nmr, and gc spectra with those of the
corresponding authentic compounds.
The nmr spectra of cyclohexene (contaminated with a.
known amount of cyclohexane) and cyclohexanol obtained from dis
tillation of the electrolysis reaction mixture showed that no de
tectable rearrangement of the deuterium lable.had occurred during
the reactions leading to these products.

Hydrolysis of a sample of

the ester obtained from the electrolysis-with dilute alcoholic sodium
hydroxide solution (reflux for 8 hours) yielded cyclohexanol that
also showed no rearrangement by nmr analysis.
3.

a-Deuteriocyclooctanecarboxylic Acid
.Essentially the same procedure as described in B.2.

above was followed in the electrolysis of a-deuteriocycloocta.necarboxylic acid (6.5 g s 0.0^2 mole) dissolved in water (22 g, 1.22
mole) containing sodium hydroxide (1.5 g, 0.038 mole).

The current

was set at about 0.15 ampere for a. current density of 0.0^ amp/cm2 at
the anode of area 3*7 cm2 .

The same arrangement of U-tube and traps

was used, and, additionally, an air cooled condenser was used on the
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upper part of the electrode vessel to reduce the amount of volatile
hydrocarbon that was being swept out by the nitrogen stream.

(The

temperature of the electrolysis vessel in the higher molecular weight
acid electrolyses was higher than in the cyclohexyl case.)

The A s 

carite U-tube weighed' 6k .646 g initially, and, after 8 hours of elec
trolysis, it weighed 65.000 g for a gain of 0.354 g (0.008 mole) of
carbon dioxide.

This amount was about 20^ of the expected amount of

gas based on the number of coulombs passed through the solution.
The same work-up of the electrolysis reaction mixture was followed,
and 2 g (0.013 mole, 36$) of unreacted acid was recovered.

Analysis

of this acid by nmr showed no rearrangement of the a-deuterium com
pared to the acid before electrolysis.
The neutral fraction of the reaction mixture was
analyzed by gc under the same conditions (but.column at 120°) as for
the cyclohexyl system and found to contain bicyclo[ 3 .3 *0]octa.ne,
bicyclo[ 5 .1 .0]octane, cis-cyclooctene, and cyclooctanol in the
ratios of 0.24 : 0.30 : 3*9 • 1*

Distillation of these materials

left ester and dimer in total amount equivalent to cyclooctanol.
The analysis of alcohol and olefin by nmr showed that the values for
rearrangement for these products were 40^ and 5$ respectively.
4.

a-Deuteriocyclononanecarboxylic Acid
The same procedure for electrolysis as described

above in B. 2 . and B. 3 . was followed for the electrolysis of a-deu
teriocyclononanecarboxylic acid (2.5 g, 0.0144 mole) in water (8 g,
0.44- mole) containing sodium hydroxide (0.5 g> 0.0125 mole).
current was adjusted to 0.3 ampere for a current density of
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0.05 amp/cm2 at the anode of 6 cm2 surface area.

(This apparatus

was somewhat different in design than the one used in the other
electrolyses and no effort was made to trap the evolved carbon
dioxide.)

The electrolysis was run for 6 hours and then worked.up

essentially as described earlier.

Approximately 0.6 g (0.0055 mole,

2b^jo) of unreacted acid was recovered.

The neutral fraction was

analyzed by gc (Barber Colman instrument, 100

capillary column

coated with GE -96 silicone, 100°) and found to contain bicyclononanes, cis- and trans-cyclononene, and cyclononanol in relative
amounts of 0.8 : 2.5 ' 1 5 respectively.

Distillation showed that

about as much dimer and ester together were present as alcohol.
The nmr analyses of the alcohol and olefin showed
that rearrangement of the deuterium label and occurred to the extent
of 16$ and 25<f0> respectively .

Hydrolysis of the ester fraction

yielded cyclononanol that showed about the same extent of rearrange
ment .
5.

a-Deuteriocyclodecanecarboxylic Acid
The same procedure as described in B.2. and B. 5 . above

was followed for the electrolysis of a-deuteriocyclodecanecarboxylic
acid (7.0 g,

0 .05^ mole) in water (25 g, l A moles) containing

sodium hydroxide (1.5 g> 0.052 mole).

The current was adjusted to

0.21 ampere for a current density at the anode of 0.051 amp/cm2 .
The Ascarite U-tube weighed 56.8^

g initially and, after 9§ hours,

weighed 57*25^ g for a gain of 0.^10 g (0.0095 mole) of carbon
dioxide.

Some unreacted acid (6.0 g, 0.029 mole, 86^ ) was recovered.

Based on reacted acid the amount of carbon dioxide evolved was about
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twice the amount possible if only decarboxylation occurred1
.*

1"

products were analyzed by gc (Beckman GC-5 instrument, •§

The

x 10

packed with 10^ Carbowax 20 M on 60/80 mesh Chromosorb P).

1

column

The ratio

of cyclodecene (cis+trans) to the combined higher boiling products
(alcohol, ester, and dimeric products) was about 5 : 1, with very
little bicy'clic hydrocarbon detectable.
presence of the higher boiling compounds.

Distillation showed the
The olefin was found by

nmr to be unrearranged compared to the starting labeled acid.
C.

Preparations and Reactions of_t-Butyl Cyclooctaneperoxycarboxylates
l.(a)

Preparation of Cyclooctanoyl Chloride44
A mixture of cyclooctanecarboxylic acid (22.5 g,

0.1^ mole) and of thionyl chloride (jk g, 0.28 mole) was placed in
a 100 ml round bottom flask fitted with a reflux condenser-, calcium
chloride drying tube, and magnetic stirring bar.

The mixture was

stirred at room temperature for one hour (considerable hydrogen
chloride gas evolved) and then heated at reflux for 5 hours.

The

excess thionyl chloride was removed at reduced pressure at a water
aspirator, and the mixture was distilled to yield 21 g (0.12 mole,
86<f0) of cyclooctanoyl chloride b.p. 99°-100° at 7.8 mm.
spectrum included a strong absorption at 5*55

The ir

The nmr spectrum

showed a broad absorption centered at -2.95 PPm (hydrogen in a-position, and broad unresolved multiplets at -1.9> P-hydrogens, and

* Several other apparently difficult electrolyses in
these laboratories have produced unexpectedly high yields of CO 2 .
These results must signal some decomposition of the cycloalkane
ring to C02 , but no details are yet known to us.
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-1.6 ppm, the remainder of the methylene hydrogens of the ring.

No

unreacted acid was detectable by ir or nmr.
1.(b)

Preparation of a-Deuteriocyclooctanoyl Chloride
a-Deuteriocyclooctanecarboxylic acid (2k.6 g, 0.157

mole) and thionyl chloride (25 g, 0.193 mole) were used, .as starting
materials in a reaction like that described in C.l.(a) above.

The

physical characteristics of the product isolated (21 g, 0.12 mole,
77tfo of theoretical yield) were the same as those for the unlabeled
acyl chloride except that in the nmr spectrum most of the absorption
centered at -2.95 PPm (o'-hydrogen + deuterium) was gone and the sig
nal at -1.9 ppm (p-hydrogen) was sharpened considerably due to re
duced coupling to the hydrogen (largely replaced by deuterium) in
the cv-position.
2.

Preparation of Sodium _t-Butylperoxide45
Sodium hydroxide solution (I5O ml, 20 weight ^) was

cooled to about 5° in a I4
-OO ml beaker and stirred with a magnetic
stirring bar through an ice bath surrounding the vessel.

_t-Butyl

hydroperoxide (25 g, O. 5I mole) was added dropwise to the stirring
solution during 50 minutes while the temperature was maintained near
5°.

The crystals of product formed were collected by suction fil

tration and as much of the liquid as possible was removed.

The

crystals were thoroughly washed twice with cold acetone (150 ml
each), air dried, and finally placed in a drying pistol containing
phosphorus pentoxide.

The apparatus wa.s heated by refluxing acetone

(55°) nnd evacuated to 1 mm pressure.

The desiccant was replaced as

necessary until its surface remained fresh and white, and the drying

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

5b

was continued overnight.
3 . (a)

Preparation of _t-Butyl Cyclooctaneperoxycarboxylate
Sodium _t-butylperoxide (9 .5 S> 0.08*4- mole) was

dispersed in 30 ml of cold dry ether and stirred vigorously with a
stirring bar magnetically driven through the cooling bath.

The

100 ml flask was fitted with a 25 ml pressure equalizing dropping
funnel and a calcium chloride drying tube.

The funnel was filled

with a solution of cyclooctanoyl chloride (15 g, O.O 87 mole) in
about 10 ml of cold dry ether.

The acyl chloride solution was

added dropwise over 2 hours while the temperature of the reaction
solution was maintained at 5° or less.

After the addition was com

plete, the solution was allowed to warm to room temperature and was
then stirred for 3 more hours.

The solution became milky white

with a very fine suspension of sodium chloride which formed a s ’the
reaction proceeded.

Water (15 ml) was then added to the reaction

mixture to dissolve the sodium chloride 'and hydrolyze unreacted
acyl chloride, and the solution was stirred for 30 minutes more.
The 2-pha.se system was transferred to a separatory funnel, and the
water was removed.

The organic layer was washed with cold 1Qcj0 sul

furic acid solution twice (25 ml each), then with cold 10^ sodium
carbonate solution twice (50 ml each), and finally with cold water
4 times (50 ml each) to remove the unreacted acid, salt, and hydro
peroxide that may have been present.

The organic layer was dried

over Drierite, and the solvent was removed at room temperature or
below at reduced pressure on a rotary evaporator.

A 57$ yield

(11 g, 0.0^8 mole) of t-butyl cyclooctaneperoxycarboxylate was

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

55

obtained.

The ir spectrum of the peroxy ester showed strong absorp

tions at 5 *63 > 7 -35) 8.4, and 9 *3l-t'*

The nmr spectrum showed broad

unresolved multiplets at -2.4 (ctf-hydrogen), -1.75 (3-hydrogens),
-1.4 (the remaining methylene hydrogens of the ring), and a singlet
at -1.2 ppm (t-butyl hydrogens).
these laboratories:
Found:

Combustion analysis by R. Seab of

Calculated for C13H 24O3 : C, 68 .30; H, 10. 59 .

C, 67 .78 ; H, 10. 56 .
3- (b)

Preparation of jt-Butyl Q'-Deuteriocyclooctaneperoxycarboxylate
Sodium_t-butylperoxide (11.5 g, 0.10 mole) and acid

(20g, 0.115 mole) were used as starting materials in a reaction pro
cedure like that described above in C.3.(a).

The solvent used was

dry pentane (JO ml total), and _t-butyl Q'-deuteriocyclooctaneperoxycarboxylate (16.6 g, 0.073 mole, 73$) was obtained.

The physical

characteristics of this compound were identical to the unlabeled
peroxy ester except that in the nmr spectrum the signal at -2.4 ppm
was largely gone (this position was mostly occupied by deuterium)
and the signal at -1.75 PPm was sharper due to the reduced coupling
of these 3-hydrogens to the atom in the Q'-position.
4 . (a)

Thermal Decomposition of _t-Butyl Cyclooctaneperoxy
carboxylate
In a 100 ml flask, J:-butyl cyclooctaneperoxycar

boxylate (5.1 g, 0.022 mole) was mixed with 40 ml of solvent (pre
boiled under nitrogen to degas) composed of 40 mole $ _t-butyl alcohol
and 60 mole $ water.

A graphite boiling chip was added, and this

homogeneous solution (O.O56 molar in substrate) refluxed for 8 hours,
open to the air.

The mixture was then tested for peroxides by a
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standard potassium iodide peroxide test4 6 , and the test was negative.
The reaction mixture was diluted with pentane (50 ml) and washed
with dilute sodium hydroxide, solution (25 ml) to remove any acidic
materials.

Then the organic layer was washed 5 times with water

(50 ml each) to remove as much of the water-miscible _t-butyl alcohol
from the reaction mixture as possible.

The remaining neutral organic

layer was dried over Drierite, and the solvent was removed to yield
about one g of neutral materials.

The sodium hydroxide wash solution

when acidified, extracted with pentane and concentrated yielded 1.7 g
(O.Oll mole, 50$) °f recovered cyclooctanecarboxylic acid (possibly
peroxy acid).

Analysis of the neutral products by gc (Beckaxnn GC -5

instrument, -g

x 12 , 10$, Carbowax 20 M on Chromosorb P at 100

and

180°) showed cyclooctane, cyclooctene, jt-butyl cyclooctyl ether,
cyclooctanone, and cyclooctanol present in the relative amounts

0.5 : 1 : 2 : 0.5 : 1 «9 > respectively.
Other decompositions of. this peroxy ester at dif
ferent pressures, under different atmospheres, or for different
lengths of reaction time produced no significant variations in pro
duct distribution.

Decompositions at higher and lower concentra

tion of substrate (See Table III) did suggest an influence on the
product distributions.
Ij-.(b)

Thermal Decomposition of _t-Butyl Of-Deuteriocyclooctaneperoxycarboxylate
Jt-Butyl a,-deuteriocyclooctaneperoxycarboxylate

(l4.4 g, O.O 63 mole) in 200 g of solvent (85 mole $, water, 15 mole

fja _t-butyl alcohol), about 0.3 molar in substrate, was heated in a
Parr Medium Pressure Antoclave under nitrogen at 118° for 18 hours.
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The same products as above were obtained in only slightly different
ratios.
Cyclooctene isolated from the decompositions of
labeled peroxy ester showed no indication of rearrangement of the
deuterium atom by nmr analysis.
D.

Miscellaneous Control Experiments
1.

Attempted Hydration of Cyclooctene
Cyclooctanecarboxylic acid (1.6 g, 0.01 mole, cata

lyst) a.nd cyclooctene (0.1 g, 0.001 mole) in 7 8 of 60 mole $ water,
lt-0 mole $ _t-butyl alcohol solvent was heated at reflux for 3 days.
Analysis of the neutral portion of the reaction mixture by gc re
vealed no cyclooctanol.
2.

Attempted Dehydration of Cyclooctanol
Cyclooctanol

g, 0.031 mole)-and crude _t-butyl

cyclooctaneperoxycarboxylate (1 g, 0.00^5 mole, to simulate peroxy
ester decomposition conditions) were heated together in 100 g of
solvent (85 mole $ water, 15 mole $ _t-butyl alcohol) for 2 days at
125° and 50 lbs. pressure in the Parr Bomb.

Analysis of the neutral

portion of the reaction mixture by nmr and gc showed no evidence of
the presence of cyclooctene.
3.

Attempted Base-Catalyzed a-Hydrogen-Deuterium Exchange
Cyclohexanecarboxylic acid (2.5 g s 0.02 mole) was

heated in water-dP (5 ml, 0.25 mole) with a few drops of 30$ sodium
deuteroxide solution as catalyst for 1U hours at 50°.

Analysis of

the recovered acid by nmr showed no evidence of deuterium incorpora
tion in the or-positlon.
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if.

Electrolysis of Cyclooctanecarboxylic Acid in
Binary Solvent
Cyclooctanecarboxylic acid (6.2 g, 0.0^ mole), sodium

hydroxide (1.3 g, 0.035 mole), and 28 g of a solvent composed of
60 mole cf0 of water and 40 mole <f0 of _t-butyl alcohol were mixed in
the electrolysis cell previously described in B.l.

The electrolysis

was run at about 0.06 ampere (total current) and 80 volts.

The

current density was lower than usual, 0.02 amp/cm2 , at the anode due
to the greater resistance of the cell when the binary solvent was
employed.

The electrolysis was run as described in B.l. and 0.50 g

(0.011 mole) of carbon dioxide collected after 17 hours for about

30<f0 of the theoretical amount based on coulombs passed through the
solution.
The usual work-up of the reaction was carried out ex
cept that more water washings were employed to remove the _t-butyl
alcohol.

The neutral portion was analyzed by gc (Beckman GC -5

instrument, Carbowax column, 180°) and found to contain cyclooctene,
_t-butyl cyclooctyl ether, cyclooctanone, and cyclooctanol in rela
tive amounts 0.25 : 7 : 0.15 : 1, respectively.

5.

Isotope Effect Studies in the Electrolysis of
•G'-Deuteriocyclooctanecarboxylic Acid versus
Cyclooctanecarboxylic Acid
Two electrolyses were set up in series with each

piece of the apparatus in duplicate and cells as nearly identical
as possible.

Each cell contained 0.13^- mole of acid, 5 g (0*d-25

mole) of sodium hydroxide, and 36 g (2.0 moles) of water; cell A
contained Q'-deuteriocyclooctanecarboxylic acid and cell B unlabeled
acid.

Total voltage across the cells placed in series was 40 volts,
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and the current was initially 0.18 ampere total for a current density
at each anode of 0.0^1- amp/cm2 .

The dual electrolysis was run for 7

hours and 0.668 g (0.0152 mole) of carbon dioxide was collected from
cell A (labeled acid) and 0.653 g (0.01^9 mole) from cell B (un
labeled acid).

The yield of carbon dioxide was about 58<j0 of the

theoretical based on the number of coulombs passed through the cells.
Analysis of the neutral products from each cell by gc after the
standard work-up showed that, within experimental error, no differ
ences in the product distributions from the 2 cells was detectable.
E.

The Hunsdiecker Reaction 36
l.(a)

Preparation of Silver Cyclooctanecarboxylate
Cyclooctanecarboxylic acid (5 g, 0.032 mole) was

partially neutralized* with sodium hydroxide (1.2 g, 0.030 mole)
dissolved in 25 ml ( l A moles) of water.

Silver nitrate (5 .I g,

0.030 mole) was dissolved in 50 ml (2.8 mole) of water and added
slowly to the 400 ml beaker containing the stirring solution of
sodium carboxylate.

The crystals of silver salt that immediately

precipitated were collected on a suction funnel and were washed with
water twice (50 ml each), with dilute sodium hydroxide solution
twice (50 ml each), and with water twice more (50 ml each), and
finally with cold acetone 3 times (50 ml each).

After being air

dried, the powdery, white product was placed in a drying pistol
charged with phosphorus pentoxide desiccant, the pressure was reduced

* If the acid was completely neutralized, addition of the
silver nitrate solution resulted in the formation of a dark brown
precipitate, presumably silver oxide.
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to one mm, and the contents were heated by refluxing acetone (55°)
overnight.

The dried crystals were stored under reduced pressure

over phosphorus pentoxide and protected from light.

(Since it was

necessary to maintain a dry atmosphere above the product at all times
until used, no effortwas made to determine the actual yield, al
though it appeared to be good.)
1.(b)

Preparation of Silver O'-Deuteriocyclooctanecarboxylate
The same procedure as described above in E.l.(a)

was used to prepare the silver salt of the labeled acid by using
a-deutei*iocyclooctanecarboxylate (j g, 0 .0^5 mole), sodium hydroxide
(1.6 g, 0 .0^0 mole) dissolved in 50 ml (2.8 mole) of water, and
silver nitrate (j g, O.CA-2 mole) in 50 ml (2.8 mole) of water.

The

product was purified and stored according to the procedure described
in E.l.(a) above.
2 . (a)

Reaction of Bromine and Silver Cyclooctanecarboxylate
Silver cyclooctanecarboxylate (5.5 S» 0.0135 mole)

was suspended in 100 ml of dry carbon tetrachloride (solvent stored
over phosphorus pentoxide), and dry nitrogen was introduced into the

200 ml flask (covered with aluminum foil to protect the contents from
light) equipped with a. magnetic stirring bar, reflux condenser, and
calcium chloride drying tube.

Bromine (2.0 g, 0.0125 mole) dis

solved in 25 ml of dry carbon tetrachloride was added over 15 min
utes to the stirring suspension of silver salt at room temperature.
After addition was complete, carbon dioxide gas began to evolve and
the flask warmed slightly.

The contents of the flask were stirred
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for an additional hour and then removed and filtered to remove the
precipitated silver bromide and any unreacted silver carboxylate.
The carbon tetrachloride solvent was removed by rotary evaporation
at reduced pressure and cyclooctyl bromide (2 g, 0.0105 mole, 8^$)
was isolated.

The product was identified by comparison of its ir

and nmr spectra with those of authentic cyclooctyl bromide.

During

the course of the reaction, some hydrogen bromide gas evolved, indi
cating that some radical bromination of the substrate was probably
occurring.

This conclusion was substantiated by the appearance of

the nmr spectrum:

the Q'-hydrogen signal at -if.5 ppm was not as

sharp as that in the spectrum of pure cyclooctyl bromide, indicative
of a polyhalogenated compound.
2.(b)

Reaction of Bromine and Silver Q'-Deuteriocyclooctanecarboxylate
The same procedure as described in E.2.(a) above

was employed for the reaction of silver Q'-deuteriocyclooctanecarboxylate (2.0 g, O.OO 76 mole) and bromine (1.2 g, 0.0075 mole) in a
total of 100 ml of dry carbon tetrachloride.

The product was iso

lated by the same procedure as above and labeled cyclooctyl bromide
(1.3 g> O.OO 67 mole, 90$) was obtained.

The product had the same

spectral characteristics as the product obtained in E.2.(a) above
except that the nmr spectrum of the deuterated product showed an
absorption at -if. 5 ppm considerably reduced in size relative to the
rest of the spectrum.

The product was found by gc analysis to be

contaminated with a small amount of polybrominated products, and the
nmr analysis showed that a maximum of 15$ of rearrangement of the
deuterium label had occurred in the processes leading from starting
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acid to final product cyclooctyl bromide.
F.

Dicyclooctylmercury Preparation2 1 ’47 and Decompositions21
1.

Preparation cf Grignard Reagent from Cyclooctyl
Chloride1® 6
A 3 1, 3 necked round bottom flask was equipped with

a nitrogen inlet, reflux condenser, 250 ml addition funnel, calcium
chloride drying tube, and a magnetic stirring bar.

The entire appa

ratus was flamed out under a nitrogen stream (while the drying tube
was removed) and then 35 S (2.^-5 mole) of magnesium turnings and
50 ml of ether were introduced into the flask.

A few small crystals

of iodine were added and the solution was stirred for 30 minutes.
Cyclooctyl chloride (200 g, 1.37 mole) was placed in the dropping
funnel a.nd a small amount of the halide was added to the magnesium
turnings.

The mixture was gently heated with a warm water bath

until the ether refluxed.

The reaction began, as evidenced by the

continuing reflux of the ether solution after removal of external
heat, and was maintained by slow addition of cyclooctyl chloride and
ether (total l§r 1 over 2 hours).

The mixture was allowed to stir an

additional 3 hours and then forced under gentle nitrogen pressure
through a tube into several dried flasks.

The reagent was stored

sealed until needed for the next step.
2.

Preparation of Cyclooctylmercuric Bromide
To about 250 ml of ether solution, approximately 0.3

molar in cyclooctylmagnesium chloride, in a one 1 flask equipped with
a magnetic stirring bar, was added dropwise a saturated solution of
mercuric bromide (30 g, 0.008 mole) in dry ether.

The grayish sus

pension that formed was stirred for a total of 3 hours, and then
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200 ml of 0.5 N acetic acid was added.

After the organic layer had

been washed and dried over calcium chloride, the solvent was removed
by rotary evaporation, yielding cyclooctylmercuric bromide (18 g,
0.01+7 mole, 50°
[0 yield).

The product was recrystalized from a mix

ture of acetone, ethanol, and water to give white needles; m.p.
99-2-99*9° (Literature21 98°_99°).

The nmr spectrum showed a broad

absorption at -3.2 ppm (o-hydrogen) and broad unresolved multiplets
at -2.2 (|3-hydrogens ) and -1.6 ppm (the remainder of the methylene
hydrogens of the ring).
3.

Preparation of Sodium Stannite
Stannous chloride dihydrate (19-8 g, 0.088 mole)

was dissolved in 250 ml of water in a 500 ml flask equipped with a
magnetic stirring bar.

Sodium hydroxide solution (6 m) was slowly

added to the stirred solution until the white.precipitate just dis
appeared.

The solution, with dark, metallic crystals dispersed in

it, was used immediately in the next step in the preparation of dicyclooctylmercury.
1+.

Preparation of Dicyclooctylmercury
Cyclooctylmercuric bromide (10 g, 0.022 mole) and

the solution of sodium stannite were mixed in a one 1 flask with
250 ml of water.

The mixture was protected from light with an

aluminum foil covering, and nitrogen was bubbled through the solu
tion to help remove dissolved oxygen.

The mixture in the flask was

stirred vigorously overnight and then extracted with pentane.

The

pentane extract (200 ml) was washed with water and dried over
Drierite.

The crude product, dicyclooctylmercury, was obtained in
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almost quantitative yield (5 g, 0.012 mole)
solvent by rotary evaporation.

after the removal of the

The crude material, a. heavy viscous

oil, was recrystallized from acetone ethyl acetate to yield a white
powder, m.p. 48°-50° (Literature21 m.p. 50“5l°)-

The nmr spectrum

showed an absorption centered at -1.6 ppm (most of the methylene
hydrogens of the ring) and a shoulder centered at about -1.9 ppm
(a(?) and 3 -hydrogens).
5 . (a)

Decomposition of Dicyclooctylmercury
Dicyclooctylmercury (1 g, 0.0024 mole) was sus

pended in 21 g of solvent (85 mole $ water, 15 mole $ Jt-butyl alco
hol) in a 50 ml flask equipped with a magnetic stirring bar, reflux
condenser, and nitrogen-filled balloon seal.

The flask was covered

with aluminum foil and the reaction mixture was stirred.
was heated to 80° for 4-0 hours.

The mixture

Extraction of the mixture with

pentane, washing the pentane extract with water 4 times, drying over
Drierite, and removal of solvent by rotary evaporation yielded 0.2 g
of products.

(Some metallic mercury was observed in the reaction

vessel after hO hours.)
gc (Beckman GC-5, s

The products were analyzed by ir, nmr, and

x 8 , 10$ Apiezon L on Chromosorb P, AW, 14-0°).

Cyclooctane, cyclooctene, cyclooctanone, and cyclooctanol were de
tected in the relative amounts 1.1 : 1 : 3*6 : H . T a respectively.
No bicycloalkanes were detected.
5.(b)

Another decomposition was carried out following

the same procedure as in F.5(a) except the solvent was only water.
The same products were observed in the relative amounts 0.33 : 1 :
1.16 : 3-0, respectively.
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Analytical Determination of Extent of Deuterium
Rearrangement in Products Derived from
Specifically Labeled Compounds

The reaction used to introduce a deuterium atom specifically
a to the carboxyl function in cycloalkanecarboxylic acids has been
described earlier in IV.A.

The determination of the actual amount

of deuterium label incorporated was done by a nmr technique.

The

area of the signal due to the hydrogen remaining in the cv-position
was compared to the area of the signal due to the rest of the mole
cule or some discrete part of it.
The nmr spectrum of an undeuterated acid was obtained and the
or-hydrogen signal area, was compared to the area of the signal due
to the acid proton and found to be equivalent.

The same approach

was used for a deuterated acid and the fraction of ff-hydrogen re
maining was found to be 0.40 when compared to the acid proton.
In the cyclooctyl case another analogous but more accurate
approach was used to determine the amount of cv-hydrogen present.
ji-Bromophenacyl bromide was reacted with sodium cyclooctanecarboxylate and the solid, recrystallizable £-bromophenacyl ester was ob
tained.

Its nmr spectrum had signals at - 7.65 (hE, Ar-H), -5*25

(2H, 0-CH2-C0-), and -2.65 ppm,

(1H, CH-C00-).

An area comparison

of these same signals in a deuterated acid derivative showed that
only O .36 hydrogen remained a to the carboxyl.

65
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If this same acid were used in an electrolysis reaction the
cyclooctene and cyclooctanol products could be analyzed for changes
in the amount of hydrogen present either as C=CH or CH-OH, respec
tively.

If, for instance, the C=CH signal in the nmr spectrum of the

cyclooctene integrated to yield a value of I .36 hydrogens when com
pared to the signals for the other hydrogens in the molecule, then
this would be exactly the number expected if no rearrangement had
occurred.

If, instead, the value were larger than I .36 H, then the

extent of rearrangement could be determined by linear interpolation.
Complete rearrangement would yield 2.0 ethylenic hydrogens, or a gain
of 2.00-1 .36 = 0.64 H.

If the actual gain were 1.75-1*36 = 0.39s

then the fraction "orff times 100 yields the <j0 rearrangement which,
in this particular instance, is 61$.
In much the same way, the hydrogen a to the hydroxyl group in
the alcohol gives a separate nmr signal at about -3.75 PPm > and the
OH hydrogen signal area can be conveniently compared to it.

If the

alcohol product of an electrolysis of the above described acid were
analyzed by nmr and found to have O .36 hydrogen in the Q'-position,
then no rearrangement would have taken place.

(Complete rearrangement

would be represented by a CH-OH signal equivalent to one H, or a gain
of 0.64 H.)

On the other hand, if a value of O .56 were obtained as

the integrated intensity of the signal due to the remaining Q’-hydrogen, then this would yield a ^ rearrangement of

x 100 = 3

Similar methods for determining the extent of rearrangement in
cycloalkyl halide are obvious, since the nmr signal due to hydrogen
geminal to halogen is well separated from the rest of the spectrum.
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Appendix II

NUCLEAR MAGNETIC RESONANCE CHEMICAL SHIFTS OF CYCLOPROPANE
HCH IN UNSUBSTITUTED BICYCLO [x.l.O] ALKANES
' AS A FUNCTION OF RING SIZE

6?
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Nuclear Magnetic Resonance Chemical Shifts
of Cyclopropane HCH in U nsubstituted
Bicyclo[x. 1. Ojalkanes as a Function of Ring Size1
James G. T kaynham ,John S. D ehn,
and E rnest E. G reen
Coales Chemical Laboratories, Louisiana State Univei-sity,
Baton Rouge, Louisiana 70803
Received February 2,1 9 6 8

In connection with product identifications in another
study,2 we required samples of several bicyclo[a:.1.0]alkanes (Figure 1). These compounds were prepared
by methyleneation of the appropriate cycloalkenewith methylene iodide and zinc-copper couple.2-4
When we examined the nuclear magnetic resonance
(nmr) spectraof these hicycloalkanes, we were impressed
with the continuing upheld shift of the signal from one
of the cyclopropane CH2 protons as the size of the
larger ring increased from five to ten members (Table
I). The signal associated with the proton geminal to
the first apparently is shifted downfield by the same
change that brings about the upfield shift of the first
proton in the cyclopropane CH2 group. We cannot be
certain about the regularity of the shift, however, be(1) (a) Presented in p art a t the Southeast~Southwest Regional M eeting
of th e American Chemical Society, M emphis, T enn., Dec 1965, paper no. 97,
and a t th e 152nd N ational Meeting of th e American Chemical Sooiety, New ’.
York, N . Y ., Sept 1966, Abstracts, p S125. (b) W e gratefully aeknowledge
. partial support of th is research by grants from th e Petroleum Research F und
adm inistered by the American Chemical Society (G rant No. 1817-A4) and the
N ational Science F oundation (G rant No. G P 5749). (c) Based in part on a
portion of th e P h.D . Dissertation of J . S. D., Louisiana S tate University,
1966. T he financial assistance from th e Charles E . Coates Memorial Fund,
donated by George. H . Coates, for preparation, of the Ph.D . Dissertation of
J . S. D . is gratefully acknowledged. .
(2) J . G. Traynham and J. S. Dehn, J . Amer. Chem. Soc., 89, 2139 (1967).
(3) H; E . Simmons, E . P . Blanchard, and R . D . Smith, ibid., 86, 1347
(1964).
(4) A commercial mixture of cis- an d trons-cyclododecene was used for th e .■
- ’ preparation of bicyolo[10.1.0]tridecane.. T he sample of bicyolotridecane
used in this study was shown by gas chrom atographic’analysis to be approxi
m ately 50% cis, 50% irons; only one of the isomere (presumably cis) gave
th e upfield nm r signal reported.
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N o t es

Figure 1.—m-Bicyelo [x.1.0]alkanes: n = 5-12;

x = 3-10.

cause the signal for the downfield proton in that geminal pair is obscured by the strong signals for other pro
tons in several of the bieycloalkanes.
T a b le

I

Chemical Shifts of Cyclopropane CH2Protons
IN CIS-BiCYCLO[X.1.0]ALKANES
Bicycloaikane

Registry no.

— Chemical shift,0—
Hfl
Hb

-

[2.1.0]6
- 0 .4
- 0 .7
[3.1.0]»
-0 .0 2
-0 .2 1
[4.1.0]'
0.04
-0 .4 7
[5.1.0]
16526-90-2
-0 ,0 2
( - 0 .7 )
[6.1.0]
13757-43-2
0.30
( - 0 .4 )
[7.1.0]
13758-98-0
0.42
( - 0 .4 )
[8.1.0]**
13757-44-3
0.48
-0 .5 1
[10.1.0]*
0.35
( - 0 .4 )
“ Center of signal, in parts per million, relative to internal
tetramethylsilane; minus sign indicates downfield and parentheses ;
indicate maximum upfield position. 6 Reference 12. “ This com
pound also described by D. L. Muck and E. R, Wilson, J . Org.
Chem., 33, 419 (1968). d The nmr spectrum of frans-bicyclo[8.1.0]undecane includes signals at —0.25 (cyclopropane CH 2,
2H) a n d —0.45 ppm (bridgehead H, 2). *See Reference 4.

Although there was uncertainty a few years ago about
the relative magnitude of cis and trans vicinal coupling
constants in cyclopropane derivatives,6the order J eis >
J ttant seems to be firmly established and unchallenged
now.6 When both Jac and Jbe can be discerned from
the nmr spectrum, the assignment of the most upfield
signal can be made with confidence.7 When the signal
for either Ha or Hb is completely obscured by the strong
signals for other protons in the bicyclic hydrocarbon,
however, the assignment is lessdear. There has been
disagreement on the shielding effects of alkyl groups on
vicinal protons in cyclopropane derivatives,6c,<i’8 and
the possibility of transannular end-on interactions
(deshielding)6d>9 in the medium-ring derivatives described here adds difficulty to the assignment. Whereas
we were persuaded initially that the most upfield signal is
associated with Ha rather than with Hb,10 the different
viewpoints recorded in the literature since that time led
us to confirm our first assignment with nuclear Overhauser effect (NOE) data.10 Low intensity irradiation

;
,
j
\
;

i
j
j
;
;
|
:

(5) (a) G. L. Closs and L. E . Closs, ibid , 82, 5723 (1960); (b) U. SchoUkopf |
and G. J . Lehmann, Tetrahedron Lett., 165 (1962).
(6) (a) G. L. Closs, R . A. Moss, a n d J. J. Coyle, J. Amer. Cheni. Soc., 81,
4985 (1962); (b) U. Schollkopf, A. Lerch, and J . Paust, Chem. Ber., .96, 2266 !
(1963); (e) W. G. D aubenand W. T . Wipke, P ure Avid. Chem., 9,539 (1964);
(d) W. G. Dauben and W. T . Wipke, J . Org. Chem;, 32, 2976 (1967).
!
(7) On the basis of all data presently available on J vie. for 7-H of 7-substi- i
tu ted norcaranes, th e more upfield signal is invariably associated w ith the
syn proton (Ha in Figure 1). See also ref fid.
(8) (a) D . E . Minnikin,^ Chem. In d . (London), 2167 (1966); (b) D . T.
Longone and A. H . Miller, Chem. Commu n„ 447 (1967); (e) T. Ando, F.
Namigata, H . Yamanake, an d W . Funasaka, J . Amer. Chem. Soc., 89, 5719
(1967).
,
(9) (a) S. Winstein, P . C arter, F . A. L. Anet, and A. J . R . Bourn, ibid., 87, ;
5247 (1965); (b) M. A. B attiste an d M . E . Brennan, Tetrahedron Lett., 5857
(1966).
(10) (a) F . A. L. Anet an d A. J . Bourn, J . Amer. Chem. Soc., 87, 5250
(1965); (b) J . G. Colson, P . T . Lansbury, an d F . D. Saeva, ibid., 89,. 4987
(1967); (c) M. C. Woods, H . C. Chiang, Y. Nakadaira, and E . N akanishi,
ibid., 90, 522 (1968).
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: of a DCCI3 solution of bicyclo[3.1.0]hexane at a fre
quency corresponding to the absorbance of the larger
ring protons proximal to Ha but not spin-spin coupled
to it led to the NOE. The shapes of the nmr signals
due to Ha and Hb were essentially unchanged, but the
integrated intensity of the (more upfield) Ha signal
increased significantly (23%). Irradiation at other
; frequencies, both upfield and downfield, failed to produce
the NOE. This result clearly identifies the more up
field signal with Ha. Likewise, similar irradiation
produced a similar increase (25%) in the integrated
intensity of the most upfield signal in the spectrum of
bicyclo [8.1.0]undecane, again identifying that signal
with Ha rather than Hb.
The upfield position of nmr signals for cyclopropane
I hydrogens (relative to other methylene hydrogens) is,
of course, well known, but few chemical shifts of cyclopropane hydrogens as far upfield as some included in
Table I have been reported before. The shielding of
Ha reaches a maximum with the ten-membered ring,
and in that system the chemical shift of Ha is nearly the
same as that of the syn proton, shielded by the aromatic
ring current, in homotropylium cation (0.6 ppm,)11 and
higher than that of the syn protons in unsaturated systerns such as bicyclo [3.1.0]hex-2-ene,12 bicyclo [2.1.0]but-2-ene,12 and bicyclo [6.1.0]nona-2,4,6-triene.13 The
signal from cfs-bicyclo[10.1.0]tridecane is not so far
upfield as that from cfs-bicyclo [8.1.0]undecane. This
result is reminiscent of other manifestations of medium
ring effects.14 Identification of the upfield signal with
Ha for both common and medium ring derivatives,
however, indicates that transannular, end-on interac; tions (which are presumably responsible for many
medium ring effects14b) are insufficient in these bicycloalkanes to alter the relative positions of the Ha and
Hb signals. The differences in shielding of Ha must
be associated with a continuous change in C-C bond
! anisotropy effects rather than with a change in kind
1 of interactions among these compounds. Models do
not reveal any striking differences among these bicyclo! alkanes in proximity of Ha and the flanking methyl! enes, certainly not enough to provide a ready explana' tion of the upfield shift of the Ha signal as a function
I of ring size. Apparently the anisotropy effects in
these saturated hydrocarbons are surprisingly sensii tive to small changes in geometry.
|

Experimental Section

,
|
I
j

j
|
;
■
i

\

j
;
j

j

!
Nmr data were obtained with Varian Associates HA-60, ]
| . A-60A and HA-100 instruments, with the assistance of Mr. W. :
!- Wegner. All chemical shift data are relative to internal tetra- I
methylsilane reference and are for benzene or chloroform-d
' solutions. . NOE data were obtained by a frequency sweep method
: with the HA-100 instrument and 40 mV irradiation; benzene
! was used as a reference line for field-frequency lock.10* :
i
Most of the bicycloalkanes used have been described pre| vioudy.16 frans-Bicyclo [8.1.0] undecane was prepared in 80%
i yield by methyleneation3. of <rans-cyclodecene;“ it distilled at
(11) C. E . K eller and R . P ettit, ibid., 88, 606 (1906).
(12) J. I . Braum an, L. E . Ellis, and E . E . van Tamelen, ibid., 88, 846
(1966).
(13) T. J . K atz and P . J. G arratt, ibid.,- 86, 6194 (1964).
(14) (a) V. Prelog, J . Chem. Soc., 420 (1950); (b) J . Sicher in "Progress in
Stereochemistry,” Vol. 3, P . B. D. de la M are an d W . Klyne, E d., Butterworth and Co. L td., London, 1962, Chapter 6.
(15) Reference 2 an d references cited there.
(16) J. G. T raynbam , D. B. Stone, and J. L. Couvillion, J . Org. Chem., 82
510 (1987).

,
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76-78° (8 mm) and its nmr spectrum included signals at —0.25
(cyclopropane CH2i 2 H) and a t —0.45 ppm (bridgehead H,
2 H).
A n al.17 Calcd for GhHjo: C, 86.8; H, 13.2. Found: C,
86.4; H, 13.1.

Registry No.—<rans-Bicyclo[8.1.0]undecane, 1584080-9.
(17) By R . Seab in these laboratories.
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i

i
i
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